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ABSTRACT 

 

This study investigates the influence of fluid density and ionisation ring parameters on the 

formation and stability of the Taylor cone in electrospray systems that are utilised in 

precision combustion, biomedical, and microfabrication applications. Despite the intense 

research on electrospray, achieving a consistent Taylor cone remains a challenge due to the 

complex interplay between electrostatic forces and fluid dynamics. To overcome the 

problem, this work aims to optimise electrospray parameters, including ionisation ring 

diameter (IDIR), ionisation ring (IR) positioning or nozzle-to-target distance, and applied 

voltage. In addition, the effects of electrospray settings on the density of liquid and Taylor 

cone formation are comprehensively investigated. An experimental approach was taken to 

examine the influences of fluid densities using ethanol and n-heptane mixtures and ionisation 

ring configuration effects on cone angle, jet length, and droplet dispersion. Key parameters 

evaluated include applied voltage (2–10 kV), ionisation ring inner diameters, and axial 

distances from the nozzle (10.3 mm, 15.3 mm, and 21.2 mm), under controlled flow rates 

using a precision syringe pump. Imaging was employed to observe transitions between 

dripping, spindle, cone-jet, and multijet modes. Results reveal that lower-density fluids, like 

ethanol, require less voltage for cone-jet initiation but exhibit greater instability at higher 

voltages, while denser fluids, such as water, demand higher voltages and closer ionisation 

ring proximity for stable operation. The combination of low-density fluid and optimised 

ionisation ring positioning yielded the most uniform spray and droplet sizes. Furthermore, 

the study identifies significant synergistic effects between fluid density and electric field 

shaping via the ionisation ring, with field concentration found to strongly dictate cone 

formation quality. In conclusion, the results suggest that a larger IDIR requires a higher 

voltage to initiate the formation of the Taylor cone but provides a wider range of stable cone-

jet operation. In contrast, low-density liquids require a lower voltage to generate the Taylor 

cone; however, they are more susceptible to transitioning into a spray or flying current at 

higher voltages. 
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KESAN KETUMPATAN DAN PARAMETER GELANG PENGIONAN TERHADAP 

PRESTASI CIRI KON TAYLOR BERDASARKAN TEKNIK ELEKTROSEMBURAN  

 

ABSTRAK 

 

Kajian ini meneliti pengaruh ketumpatan bendalir dan parameter gelang pengion terhadap 

pembentukan serta kestabilan kon Taylor dalam sistem semburan elektrik (electrospray) 

yang digunakan dalam aplikasi pembakaran berketepatan tinggi, bioperubatan, dan 

fabrikasi mikro. Walaupun penyelidikan mengenai teknik semburan elektrik telah dijalankan 

secara meluas, pencapaian pembentukan kon Taylor yang konsisten masih menjadi cabaran 

disebabkan oleh interaksi kompleks antara daya elektrostatik dan dinamik bendalir. Bagi 

mengatasi isu ini, kajian ini bertujuan mengoptimumkan parameter operasi terhadap 

semburan elektrik ini, termasuk diameter gelang pengion (IDIR), kedudukan gelang pengion 

atau jarak muncung ke sasaran, serta voltan yang dikenakan. Selain itu, kajian ini juga 

meneliti secara menyeluruh kesan tetapan daripada teknik semburan terhadap ketumpatan 

cecair dan pembentukan kon Taylor. Pendekatan eksperimen digunakan bagi mengkaji 

pengaruh ketumpatan bendalir dengan menggunakan campuran etanol dan n-heptana, serta 

menilai kesan konfigurasi gelang pengion terhadap sudut kon, panjang jet, dan penyebaran 

titisan. Parameter utama yang diuji termasuk voltan operasi antara 2–10 kV, diameter 

dalam gelang pengion, dan jarak paksi dari muncung (10.3 mm, 15.3 mm, dan 21.2 mm), di 

bawah kadar aliran terkawal menggunakan pam picagari berketepatan tinggi. Teknik 

pengimejan digunakan untuk memerhati peralihan antara mod titisan (dripping), gelendong 

(spindle), kon-jet, dan multi-jet. Hasil kajian menunjukkan bahawa bendalir berkepadatan 

rendah, seperti etanol, memerlukan voltan yang lebih rendah untuk memulakan mod cone-

jet namun menunjukkan ketidakstabilan yang lebih tinggi pada voltan yang besar. 

Sebaliknya, bendalir berketumpatan tinggi seperti air, memerlukan voltan yang lebih tinggi 

dan kedudukan gelang pengion yang lebih hampir bagi mencapai operasi yang stabil. 

Gabungan bendalir berkepadatan rendah dengan kedudukan gelang pengion yang 

dioptimumkan menghasilkan semburan dan taburan saiz titisan yang paling seragam. 

Kajian ini turut mengenal pasti kesan sinergistik yang signifikan antara ketumpatan 

bendalir dan pembentukan medan elektrik melalui gelang pengion, di mana kepekatan 

medan elektrik didapati memainkan peranan penting dalam menentukan kualiti 

pembentukan kon. Kesimpulannya, dapatan kajian mencadangkan bahawa gelang pengion 

dengan IDIR yang lebih besar memerlukan voltan permulaan yang lebih tinggi untuk 

membentuk kon Taylor, namun menyediakan julat operasi kon-jet yang stabil dengan lebih 

luas. Sebaliknya, bendalir berkepadatan rendah memerlukan voltan yang lebih rendah untuk 

menjana kon Taylor, namun lebih terdedah kepada peralihan kepada mod semburan atau 

arus terbang pada voltan yang lebih tinggi.  
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CHAPTER 1 

 

1 INTRODUCTION 

 

1.1 Background 

Electrospray is an electrohydrodynamic (EHD) process where liquid subjected to a 

high electric field disperses into fine, charged droplets. This technique relies on the delicate 

balance between electrostatic forces and surface tension, where an applied voltage deforms 

the liquid meniscus into a conical shape known as a Taylor cone, from which a thin jet 

emerges and breaks into droplets. 

William Gilbert, the first to see and document the effects of an electric field on a 

liquid surface, made significant contributions to EHD. His main work, "The Magnete," 

published in 1600, provided crucial insights into how electric fields influence the behaviour 

of liquid droplets. Gilbert's pioneering discoveries established the framework for further 

research on electrospray phenomena (Bošković and Bugarski, 2018). The phenomenon was 

first mathematically described by Geoffrey Taylor (1964), with later breakthroughs by Fenn 

et al. (1989) demonstrating its application in mass spectrometry, ultimately leading to  Nobel 

Prize-winning work on electrospray ionisation (ESI) in 2002. Due to these findings, ESI has 

been found in vast applications, such as multi-particulate medication delivery (Alfatama et 

al., 2024), food processing (Yang et al., 2024), plant nutrition (Pejman Sereshkeh et al., 

2024), surface coatings (Rafeq Saleman et al., 2022a, 2022b; Saleman et al., 2019), and 

many more. 

In 2005, Yeo et al. conducted a rigorous examination of the impacts of electric fields 

on droplet size, distribution, and charge, shedding light on the complex link between electric 

fields and droplet characteristics (Yeo et al., 2005). Furthermore, in 2017, Ondimu et al. 
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conducted a comprehensive study that corroborated and built on Gilbert's findings, 

underlining its long-term importance in current electrospray research (Ondimu et al., 2017; 

Wu et al., 2020). Their discoveries highlighted the dynamic nature of the electrospray 

behaviour of droplets during electrospraying changes based on the properties of the applied 

electric field, resulting in different electrospray modes such as dripping, spindle, pre-break-

up, and cone-jet mode. 

Based on past findings, it is understood that the voltage applied has a noticeable effect 

on the production and behaviour of the Taylor cone (Zhao et al., 2019). It controls the 

strength of the electric field, which influences the creation of the Taylor cone and subsequent 

jets (Naderi et al., 2019). Lower voltages produce bigger liquid droplets because the electric 

force may be insufficient to maintain a continuous jet formation (Wang et al., 2020). As the 

voltage increases, the jet becomes steadier and produces smaller, more uniform droplets. 

Another crucial component is the ionisation ring (IR), which influences spatial 

distribution and droplet size (Camelot et al., 2018). The position and size of the IR can have 

a substantial impact on the electric field distribution surrounding the jet, impacting Taylor 

cone breakage and creation (Crotti et al., 2011). Hartman et al. provide the physical 

numerical model that properly calculates the geometry of the liquid cone and jet, as well as 

the current and surface charge distribution (Hartman et al., 2000). EHD atomisation in the 

cone-jet mode produces a size distribution that varies based on the jet's diameter and droplet 

formation (Wang et al., 2022). 

A stable cone-jet mode requires a minimum flow rate for each liquid; where at this 

minimum flow rate, the jet breaks apart due to axisymmetric instabilities, which are also 

known as varicose instabilities(Hartman et al., 1999). Jet breakup above a particular surface 

charge and can be affected by lateral or azimuthal instabilities. These instabilities are also 

known as kink instabilities; during the kink instabilities, the size distribution of major 
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droplets widens (Bruins, 1998). Consequently, the transition between varicose- and kink-

dominated regimes critically governs resultant droplet populations, with EHD atomisation 

in cone-jet mode yielding size distributions inherently dependent on jet diameter, charge 

density, and the dynamic interplay of these instabilities ultimately determining spray 

uniformity and application efficacy. 

Although there have been vast numbers of researchers and findings in the past related 

to EHD, the inability to accurately regulate the Taylor cone is always an issue that often 

leads to inadequate system performance, evident in irregular droplet consistency, spray 

instability, or ineffective material deposition. Thus, this research is driven by the need to 

enhance electrospray precision by addressing the critical gaps in understanding fluid density 

and IR parameters that independently and synergistically influence the Taylor cone stability 

and droplet characteristics. By systematically investigating these factors, this study aims to 

establish fundamental design principles, enabling more reliable and efficient electrospray 

systems for advanced applications. The findings will provide a deeper understanding of the 

interplay between fluid properties and electrostatic parameters, enabling better control over 

electrospray performance. Ultimately, this work seeks to establish practical guidelines for 

selecting optimal operating conditions, improving reliability in both industrial and scientific 

electrospray applications. 

 

1.2 Problem Statement 

Electrospray technology has become indispensable across diverse fields ranging 

from mass spectrometry to additive manufacturing. However, despite its widespread 

adoption, achieving precise control over Taylor cone characteristics and resultant droplet 

properties remains a significant challenge due to the complex interplay of multiple physical 

and electrical parameters. While previous research has extensively investigated the roles of 
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electrical conductivity, viscosity, and surface tension in electrospray processes, critical gaps 

persist in these fundamental understandings of two key factors, which are fluid density and 

the position of the ionisation ring parameters. Thus, this study elucidates the electrospray 

parameters that affect the characteristics of the spray pattern, namely the inner diameter of 

the ring ionisation (IR), the positioning of the IR, the distance from the nozzle to the target 

of the IR, and the applied voltage to the system. 

 

1.3 Research Question 

i). This study seeks to address four fundamental research questions that systematically 

investigate the effects of fluid density and ionisation ring parameters on electrospray 

performance: 

ii). What is the quantitative impact of adjusting the voltage applied to an ionisation ring 

(or other key parameters like its distance from the nozzle, flow rates of liquid, and 

diameter of ionisation ring) on the Taylor cone form, jet breakup behaviour, and 

resultant spray pattern? 

iii). How does systematic variation in the density of the working fluid influence the 

Taylor cone angle, jet initiation stability, and droplet morphology in a controlled 

electrospray system? 

iv). Is there a statistically significant interaction effect between fluid density and the 

ionisation ring parameter on the observed Taylor cone characteristics and 

electrospray performance? 

v). What are the underlying physical mechanisms (e.g., changes in electric field 

distribution, fluid inertia, and charge transport) that explain the observed effects of 

density and ionisation ring parameters on the Taylor cone and jet? 
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1.4 Research Objectives 

The main aim of this research is to achieve the following objectives through 

systematic experimental investigation: 

i). To investigate the effect of electrospray parameters, namely IDIR size, position of 

IR, and voltage, on cone jet characteristics. 

ii). To establish the fundamental relationship between working fluid density and Taylor 

cone characteristics. 

 

1.5 Scope of Research 

The study will comprehensively examine the impact of ionisation ring parameters. 

The primary focus will be on the applied voltage to the ionisation ring (Vring), which will 

be systematically varied over a range from 0 kV to 10 kV, relative to a common electrical 

ground. This range has been chosen to encompass both field-enhancing and field-shielding 

effects on the Taylor cone. To ensure clear attribution of the observed phenomena, the axial 

distance of the ionisation ring from the nozzle tip (Dring) will be maintained at a variance 

value of 10.3 mm, 15.3 mm, and 21.2 mm throughout the experiments. Furthermore, a single, 

precisely defined ionisation ring form, including its inner diameter, outer diameter, and 

thickness, will be employed consistently across all experimental runs, thereby eliminating 

the variations of surrounding factors as confounding factors. Secondly, fluid density (ρ) will 

be varied across a controlled and experimentally relevant range, specifically from 

approximately 0.01 mL/cm3 to 0.60 mL/cm3. This will be achieved through the preparation 

of solutions utilising water, ethanol, and n-heptane as the primary medium. High-resolution 

imaging techniques will be primarily employed to measure the Taylor cone angle (θ cone), 

providing insight into the equilibrium shape of the meniscus. The stability and morphology 

of the emanating jet will be evaluated through measurements of the jet diameter (Djet) at a 
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consistent point downstream from the cone apex and the stable jet length (Ljet) before the 

onset of instability or breakup. The scope is specifically delimited to the stable cone-jet mode 

of electrospray, as it is the most relevant for applications demanding precise control over 

droplet formation. 

 

1.6 Significance of Study 

At a foundational level, this study is designed to offer novel insights into the intricate 

interplay of fluid dynamics and EHD in the electrospray process. This research explores the 

knowledge gaps within the existing literature by systematically isolating and investigating 

the influence of fluid density and by meticulously examining the role of electrode parameters 

specifically, including ionisation ring position, diameter, and the distance between collector 

and nozzle. While numerous studies have explored the impact of electrical properties and 

rheological characteristics, a comprehensive understanding of how fluid density directly 

modulates Taylor cone formation and stability, particularly in conjunction with controlled 

external electric fields, remains a grey area and thus requires deeper empirical elucidation. 

Consequently, the findings will enrich the theoretical framework of electrospray, 

contributing to a more complete and subtle picture of its underlying physical principles. 

Furthermore, this investigation aims to provide a granular understanding of the mechanistic 

pathways through which these specific parameters dictate the precise configuration and 

stability of the Taylor cone, thereby enhancing our predictive capabilities concerning jetting 

behaviour and ultimate droplet characteristics. 

From an applied perspective, the results of this research hold significant promise for 

the advancement and optimisation of electrospray-based technologies. The findings will be 

invaluable for the design and fine-tuning of electrospray systems, fostering enhanced control 

over critical performance attributes such as droplet size uniformity, spray pattern, and 
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deposition precision. Such refined control is indispensable for high-demand applications 

where consistency and accuracy are crucial. Moreover, the robust experimental data 

generated will serve as a benchmark for the validation and iterative refinement of 

computational models simulating the electrospray process. This capability for data-driven 

model improvement is crucial for developing more accurate predictive tools, which can 

significantly reduce the empirical optimisation cycles typically associated with electrospray 

system development. By fostering a clearer understanding of the parameter-performance 

relationships, this study will also facilitate the expansion of electrospray into novel and 

emerging applications that necessitate stringent control over specific droplet characteristics 

or highly localised material deposition, including, but not limited to, advanced functional 

coatings, precision bio-printing, and high-resolution patterning techniques. Ultimately, these 

insights are expected to translate into the development of more robust, predictable, and 

economically scalable electrospray processes, benefiting industries such as pharmaceuticals, 

electronics manufacturing, and advanced materials engineering. 

 

1.7 Thesis Outline 

Based on the objectives previously presented and on the approach proposed before, 

this thesis is made up of five (5) chapters. The contents are summarised as follows: 

• Chapter 1. Introduction: This chapter provides the background, problem statement, 

research questions, objectives, significance, and scope of the study. 

• Chapter 2. Literature review: This chapter presents a comprehensive review of 

existing knowledge on electrospray, fluid properties, auxiliary electrode influences, 

and performance metrics, identifying the research gap. 

• Chapter 3. Methodology: This chapter details the experimental setup, materials, 

experimental design, data acquisition protocols, and analytical techniques used.  
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• Chapter 4. Result and Discussion: This chapter presents the experimental findings, 

analyses the data, interprets the results in the context of theoretical understanding, 

and compares them with existing literature. 

• Chapter 5. Conclusion and Recommendations for Future Research: This chapter 

summarises the key findings, states the contributions of the research, discusses 

practical implications, and suggests directions for future work. 
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CHAPTER 2 

 

2 LITERATURE REVIEW 

 

2.1 Introduction 

In electrospray technology has emerged as a pivotal technique in various 

applications, including mass spectrometry (Chang and Urban, 2024), nanotechnology 

(Zakaria et al., 2020), and thin-film deposition (Tang et al., 2021), due to its ability to 

generate fine, charged droplets. A critical aspect of this process is the formation of the Taylor 

cone, a conical liquid meniscus that forms under the influence of an electric field. The 

stability and characteristics of the Taylor cone significantly influence the efficiency and 

quality of electrospray performance (Zhou and Biswas, 2021). 

Two key factors affecting Taylor cone formation and its subsequent behaviour are 

liquid density and ionisation ring parameters. The density of the working fluid determines 

its inertial and viscous properties, influencing droplet formation and jet stability (Gamero-

Castaño and Cisquella-Serra, 2021; Johari et al., 2022; Panahi et al., 2020). Meanwhile, the 

ionisation ring typically serving as a counter electrode are plays a crucial role in shaping the 

electric field distribution, thereby affecting the cone-jet mode transition and spray uniformity 

(Di Natale et al., 2023; Yang et al., 2022). 

Despite extensive research on electrospray dynamics, the combined effect of density 

and the ionisation ring parameters such as voltage, geometry, and positioning on Taylor cone 

characteristics remains insufficiently explored. Previous studies have largely focused on 

either fluid properties or electric field configurations in isolation, leaving a gap in 

understanding their synergistic influence (Saputro et al., 2022; Z. Wang et al., 2024; Wu et 

al., 2020). This literature review aims to consolidate existing knowledge on the subject, 
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analyze key findings, and identify research gaps to provide a foundation for further 

investigation. 

By examining theoretical models, experimental studies, and numerical simulations, 

this review will evaluate how variations in density and ionisation ring settings impact Taylor 

cone stability, jet formation, and droplet size distribution. The insights gained will contribute 

to optimizing electrospray systems for enhanced performance in industrial and scientific 

applications. 

 

2.2 Literature Survey 

In recent years, the electrospray method, which uses electric fields to break up liquids 

into tiny droplets, has become more popular because it could be used in combustion, drug 

delivery, inkjet printing, and microfabrication. To make sure that the spray is consistent and 

controlled, a stable Taylor cone must be formed. This is a cone-shaped structure of liquid 

that forms when there is electrostatic stress. 

 

2.2.1 Fundamentals of Electrospray and Taylor Cone Formation 

In 1964, Taylor became the first to write about the concept of creating cone-jet. 

Taylor elucidated that when the electrostatic force exceeds the surface tension at the interface 

of the liquid and air, a conical structure known as the Taylor cone is generated. This result 

in charged droplets softly detaching (Geoffrey Taylor, 1964). Since that time, scientists have 

examined several factors that may alter this tendency.  The parameters include voltage, flow 

rate, and the liquids properties such as viscosity, conductivity and density (Gañán-Calvo and 

Montanero, 2009; Jaworek and Krupa, 1999). 

The Taylor cone is a key part of electrospray that changes how the charged droplets 

act (Di Natale et al., 2023). A stable Taylor cone is important for getting droplets to spread 
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out evenly, which affects how stable the combustion is. The electrospray process is affected 

by many things, such as the voltage used, the shape of the electrodes, the properties of the 

liquid, and the flow rate (Bošković and Bugarski, 2018). If you know these things, you can 

figure out how electrospray settings affect the properties of the spray. 

 

2.2.2 Influence of Applied Voltage on Electrospray Characteristics 

The characteristics of the liquid, including surface tension, viscosity, and electrical 

conductivity, substantially affect the efficacy of an electrospray. These qualities influence 

the pressures exerted on the liquid meniscus and its response to the electric field. Density 

influences the overall mass flow rate and the inertial dynamics in the spray process; 

nevertheless, it has not been examined as extensively in isolation as surface tension or 

conductivity (Panahi et al., 2020). A denser liquid may need a more robust electrostatic force 

to accelerate and establish a steady jet. This may alter the onset voltage and stability range 

of the Taylor cone. While it is generally acknowledged that specific liquid properties, such 

as density, influence electrospray, the interaction of density with particular ionisation ring 

parameters (IDIR and position) concerning Taylor cone formation and spray characteristics, 

especially for combustion-relevant fuels, remains poorly understood (Chang and Urban, 

2024). Research often focuses on model liquids or specific fuel types, and the relationship 

between liquid properties and electrode design is complex. 

The fluid's density significantly influences the stability and starting voltage required 

for electrospray. Ethanol is a low-density, low-viscosity liquid that has been extensively 

researched because of its ease of ionisation and ability to form cones at reduced voltages 

(Loo et al., 1989). Conversely, denser fluids such as water need higher voltages to form 

stable cones due to the greater strength of surface tension forces. Recent studies have 

investigated the use of mixed fuels, such as ethanol and n-heptane, to amalgamate the 
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optimal characteristics of both for enhanced atomization and combustion (Cao et al., 2022; 

Pielecha et al., 2021). 

These mixtures enable the alteration of density and conductivity, which directly 

influence the spray angle, cone stability, and transitions between jet modes. The density and 

surface tension of the working fluid are crucial in the formation of the Taylor cone. Research 

by Cloupeau and Prunet-Foch (1994) indicated that low-viscosity liquids, including ethanol, 

need lower critical voltages to initiate cone-jet mode compared to water (Cloupeau and 

Prunet-Foch, 1994). Gafian-Calvo et al. (1997) similarly found that fluid conductivity and 

permittivity influence droplet size distribution, thereby decreasing combustion efficiency 

(Gafian-Calvo et al., 1997). 

 

2.2.3 Role of Electrode Geometry and Ionisation Ring Parameters 

The accurate positioning of the electrodes significantly influences the distribution of 

the electric field, particularly the ionisation ring diameter (IDIR) and its relationship with 

the spray needle. Research indicates that reduced IDIR values enhance the electric field 

strength, resulting in sharper cone angles and increased jet production. In contrast, elevated 

IDIR levels result in broader and more stable spray patterns (Kim et al., 2022). The position 

of the ionisation ring either in upstream or downstream of the needle tip influences the 

stability of the cone jet and the transition between electrospray modes, such as spindle mode, 

jet beads, and multijet (Lee et al., 2018). The configuration and geometry of the electrodes, 

particularly the counter electrode sometimes referred to as the ionisation ring or extractor, 

are essential for modifying the electric field and enhancing the efficacy of the electrospray 

process. The ionisation ring (IDIR) significantly influences the strength and uniformity of 

the electric field around the Taylor cone (Yang et al., 2022; Zuo et al., 2022). 
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Researchers have investigated several configurations of electrodes to enhance the 

stability of the spray and improve the quality of the droplets. To maintain a constant electric 

field intensity, a greater voltage is often required as the distance between the capillary and 

the extractor electrode is increased (Magnusson et al., 2020; Si et al., 2024). The trajectory 

and dispersion of the droplets alter as the separation between the capillary and extractor 

electrodes is augmented (Jaworek and Krupa, 1999) The dimensions of the ionisation ring 

(IR) are critical as they alter the field lines around the Taylor cone. This impacts the stability 

of the cone and the spray angle. The electric field may be more intense with an increased 

ring diameter. These parameters may alter the containment efficacy of the spray and the 

stability of the cone at elevated voltages (López-Herrera et al., 2005). A comprehensive 

investigation is required to ascertain how certain IDIR values, their geographical 

distribution, and factors such as liquid density influence the characteristics of the Taylor 

cone and the stability of the spray. 

 

2.2.4 Effect of Liquid Properties, with a Focus on Density 

The characteristics of the liquid, including surface tension, viscosity, and electrical 

conductivity, substantially affect the efficacy of an electrospray. These qualities influence 

the pressures exerted on the liquid meniscus and its response to the electric field. Density 

influences the overall mass flow rate and the inertial dynamics in the spray process; 

nevertheless, it has not been examined as extensively in isolation as surface tension or 

conductivity (Panahi et al., 2020). A denser liquid may need a more robust electrostatic force 

to accelerate and establish a steady jet. This may alter the onset voltage and stability range 

of the Taylor cone (Chen et al., 2022; Park et al., 2022; Zhang et al., 2021). While it is 

generally acknowledged that specific liquid properties, such as density, influence 

electrospray, the interaction of density with particular ionisation ring parameters (IDIR and 
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position) concerning Taylor cone formation and spray characteristics, especially for 

combustion-relevant fuels, remains poorly understood (Chang and Urban, 2024). Research 

often focuses on model liquids or specific fuel types, and the relationship between liquid 

properties and electrode design is complex. 

The fluid's density significantly influences the stability and starting voltage required 

for electrospray. Ethanol is a low-density, low-viscosity liquid that has been extensively 

researched because of its ease of ionisation and ability to form cones at reduced voltages 

(Loo et al., 1989). Conversely, denser fluids such as water need higher voltages to form 

stable cones due to the greater strength of surface tension forces. Recent studies have 

investigated the use of mixed fuels, such as ethanol and n-heptane, to amalgamate the 

optimal characteristics of both for enhanced atomization and combustion (Cao et al., 2022; 

Pielecha et al., 2021). 

These mixtures enable the alteration of density and conductivity, which directly 

influence the spray angle, cone stability, and transitions between jet modes. The density and 

surface tension of the working fluid are crucial in the formation of the Taylor cone. Research 

by Cloupeau and Prunet-Foch (1994) indicated that low-viscosity liquids, including ethanol, 

need lower critical voltages to initiate cone-jet mode compared to water (Cloupeau and 

Prunet-Foch, 1994). Gafian-Calvo et al. (1997) similarly found that fluid conductivity and 

permittivity influence droplet size distribution, thereby decreasing combustion efficiency 

(Gafian-Calvo et al., 1997). 

 

2.3 Research, Ideology and Concept from the Previous Project 

2.3.1 Early Foundation of Electrospray Research Until Current Research 

The electrospray technique, a process whereby a liquid is atomized into fine charged 

droplets using electrostatic forces, has its conceptual foundation dating back to the early 20th 
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century. The pioneering work of Zeleny (1917) marked one of the first documented 

observations of the phenomenon where he investigated the behavior of liquid menisci under 

high electric fields (John Zeleny, 1917). This foundational study laid the groundwork for 

understanding the dynamics of liquid jets and their subsequent breakup under electrostatic 

forces. 

A significant theoretical breakthrough came in the 1960s with the work of Sir 

Geoffrey Taylor, who mathematically described the shape of the conical meniscus that forms 

at the tip of a charged liquid jet (Geoffrey Taylor, 1964). This structure, later termed the 

"Taylor cone", became a critical concept in electrospray research. Taylor (1964) 

demonstrated that under the balance of surface tension and electrostatic pressure, a cone with 

a half-angle of approximately 49.3° forms, and this shape is integral for the stable emission 

of charged droplets. 

By the 1980s and 1990s, electrospray technology experienced substantial 

advancement, particularly with the development of electrospray ionisation (ESI) as a 

powerful technique in mass spectrometry. Fenn et al. (1989) revolutionized analytical 

chemistry by introducing ESI-MS, enabling the analysis of large biomolecules such as 

proteins and peptides without fragmentation, a development that ultimately earned them the 

Nobel Prize in Chemistry in 2002 (Fenn et al., 1989). This application brought electrospray 

into mainstream scientific and industrial usage. 

Subsequent decades saw growing interest in the fundamental fluid mechanics, 

electrodynamics, and material science underlying the electrospray process. Research 

diversified into applications such as nanoparticle synthesis, drug delivery, micro-thrusters in 

space propulsion, and environmental monitoring. Modern electrospray systems explore 

operational parameters including flow rate, applied voltage, fluid conductivity, and ambient 
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conditions (Cloupeau and Prunet-Foch, 1994; Fernandez de la Mora and Barrios-Collado, 

2017). 

Recent research has extended into the influence of physical and electrical parameters 

on Taylor cone formation and stability. Parameters such as fluid density, viscosity, electrical 

conductivity, dielectric constant, and geometry of the ionisation ring or emitter have been 

shown to significantly affect spray modes and cone stability (Dubey et al., 2021; Duby et al., 

2006). Innovations such as using ring electrodes, needleless sprays, and multi-electrode 

systems have been developed to enhance electrospray efficiency and broaden its application 

scope. Studies now focus on optimizing geometric and operational parameters for specific 

applications such as fine droplet production, controlled deposition, and precision spray 

control. 

In particular, the Taylor cone formation's sensitivity to external factors has made it a 

prime subject for parametric studies. Investigations into the effect of density and ionisation 

ring parameters contribute to a deeper understanding of jet breakup, spray angle, and droplet 

size distribution essential for tailoring electrospray systems for industrial and scientific use. 

The growing body of research reflects a transition from empirical approaches to more 

refined, simulation-based and experimentally validated studies, including computational 

fluid dynamics (CFD) and electrohydrodynamic (EHD) modelling (Higuera, 2003; 

Nekrasov et al., 2017).  

The citation map shown in Figure 2.1 represent the research made up started knowing 

the advantages of electrospray. Researchers such as (Loo et al., 1989) have made significant 

advances in electrospray technology, enhancing precision and efficiency. The citations also 

demonstrate how electrospray technology progressed from fundamental research to practical 

applications, with researchers such as (Rauschenbach et al., 2006) and (Wang and Yin, 2018; 
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Wang et al., 2018) developing electrospray systems to improve flame stability and 

combustion performance. 

The second reference map Figure 2.1, referencing (Rafie-Zinedine et al., 2024), 

emphasizes recent improvements in electrospray technology, notably its application in 

combustion systems. Over the last decade, researchers have improved our understanding of 

spray pattern production, charge-induced fuel atomization, and flame stabilization 

techniques. (Duby et al., 2006) and (Pongrác et al., 2014) discovered that the thermophysical 

properties of electrospray fuels are increasingly significant in multi-component systems. 

(Marty, 2020) propose real-time control for electrospray-assisted combustion using 

experimental and computational models. Recent efforts by (Huang et al., 2022) and (Dong 

et al., 2023; Mosa et al., 2023) show attempts to improve electrospray efficiency using 

voltage control methods, ionisation techniques, and nozzle design optimization. 

The reference map finishes with Rafie et al. (2024) who presents a comprehensive 

framework that includes sustainable combustion techniques, renewable energy applications, 

electrospray technology, and machine learning (Rafie-Zinedine et al., 2024). 

Furthermore in Figure 2.2, recent research mostly citation network highlights the 

scholarly development and influence of Huang (2022), a pivotal study within the 

electrospray technique domain (Huang et al., 2022). This research consolidates foundational 

knowledge while contributing significantly to the evolution of electrospray applications. 

Among the earliest cited works is (Lambropo_Ulos, 1995; Yamashita, 1984), who pioneered 

the electrospray ionisation (ESI) technique, providing the theoretical basis for many 

subsequent developments. Further foundational insights into fluid dynamics and 

electrohydrodynamic (EHD) behavior can be traced through the works of (Barreto and 

Hernandez-Rivera, 2022a). Building upon these, mid-stage contributions by (Magnusson et 

al., 2020; Rovelli et al., 2020; Zhu and Chiarot, 2020) advanced the field through 
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experimental studies and modeling efforts on cone-jet stability, electric field control, and 

flow characteristics. 

Surrounding Huang (2022) are several contemporary studies, including (Jia et al., 

2021; Yang et al., 2021; Zhou and Biswas, 2021), which explore related methodological 

approaches such as multi-nozzle designs, Taylor cone behavior, and electrospray-enhanced 

combustion or material deposition. These works signify a thematic convergence in the 

literature during this period. Moreover, the influence of Huang (2022) extends forward to 

more recent publications by (Chen et al., 2023; Khan et al., 2019; Nashee and Hmood, 2023; 

Silva et al., 2024), indicating its growing relevance in cutting-edge applications such as 

bioelectrospray, nanoparticle synthesis, and microscale flame stabilization. The temporal 

aggregation of significant studies from 2019 to 2024 indicates a heightened interest, perhaps 

stimulated by advancements in microfluidic devices, precise droplet manipulation, and 

computational modeling. 

While the majority of referenced publications are interrelated, exceptions like (Gan 

et al., 2019b; Jiang et al., 2019; Zhang et al., 2019) despite their limited network linkages, 

indicate ancillary or multidisciplinary significance. Huang (2022) functions as a key 

integrative point in the advancing domain of electrospray research, adeptly connecting 

traditional electrospray theory with novel advancements across several technological 

sectors. 
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Figure 2.1 Electrospray Foundation Maps (Giusti and Fredrich, 2024a)  
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Figure 2.2 Networking citation in recent research(Huang et al., 2022) 

 

2.3.2 Overview of Previous Project Objectives and Implementation Summary of 

Prior Setup 

The earlier phase of the research and development initiative laid a crucial foundation 

for the current investigation into electrospray-based. The main goal of the earlier research 

was to create and test a basic setup that could produce a stable Taylor cone using the 

electrospray technique in air  (Gañán-Calvo et al., 2018; Thuppul et al., 2020). This program 

aimed to explore the key features of electrospray processes, focusing on how the cone-jet 

forms, how stable the flow is, and how things like voltage, nozzle shape, and fluid properties 

affect it. 

One of the core goals was to achieve a repeatable and observable Taylor cone 

structure for various liquid fuels namely ethanol, n-heptane, and their binary mixtures while 

systematically documenting the onset voltage required for stable emission (Munir and 

Mikami, 2015). The initial setup incorporated a high-voltage power supply connected to a 
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metallic capillary nozzle, with the counter-electrode positioned at a controlled distance to 

induce the electric field necessary for electrospray formation. The fuel reservoir was gravity-

fed or assisted by a low-flow rate syringe pump to ensure steady delivery of the liquid to the 

nozzle tip (Hery Soegiharto et al., 2017). Observations were captured using a high-resolution 

digital microscope or high-speed camera to study the behavior of the cone under different 

operating conditions (Kim et al., 2011). 

Additionally, the project explored the visual and thermal interaction of the 

electrospray fuel with a small ignition flame placed downstream of the spray zone (Saputro 

et al., 2022; 2021). This preliminary combustion setup served to determine whether the 

electrospray enhanced fuel atomization and flame anchoring compared to conventional 

injection methods. Although not optimized for quantitative combustion analysis, the 

experiment successfully demonstrated that electrospray droplets exhibited a finer dispersion 

and better mixing, leading to a more consistent flame presence at lower fuel flow rates 

(Abdul Munir et al., 2018a). 

Throughout the implementation of the initial system, several technical challenges 

were addressed, including voltage instability, corona discharge suppression, and dielectric 

breakdown of surrounding air (Gan et al., 2015; Lim et al., 2017). These issues were 

mitigated by fine-tuning the distance between electrodes, optimizing nozzle-tip diameter, 

and introducing a grounded shield ring to stabilize the electric field lines (Pongrác et al., 

2014). Furthermore, the project provided valuable insights into the role of fluid conductivity, 

surface tension, and viscosity on the cone formation threshold and spray morphology. 

In summary, the prior setup established a functional electrospray platform with 

sufficient control over key parameters, thereby validating the feasibility of using 

electrospray as a means of improving spray quality. The foundational knowledge and 

experimental techniques developed during this phase serve as the foundation for the present 
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study, which aims to enhance flame stability through refined control of electrospray 

parameters and advanced diagnostics. The lessons learned, particularly with respect to fluid-

electric interactions and initial flame response, have directly influenced the design 

improvements and research focus in the current project phase. 

 

2.3.3 Experimental Setup and Configuration from the Previous Project 

Over the years 2018 to 2025, various research initiatives exploring electrospray 

technology have contributed valuable insights into the design and performance of the system, 

particularly focusing on flame stabilization, spray pattern control, and fine droplet 

generation. 

a) Ionisation Ring Placement and Voltage Strategy 

The ionisation ring, called the charging electrode, was placed around the spray 

channel to keep the electric field steady, following earlier electrospray research (Thuppul et 

al., 2020). This arrangement was essential for stabilizing the Taylor cone and reducing 

asymmetric droplet deflection. The distance from the nozzle tip to the ionisation ring was 

adjusted between 3 mm and 15 mm, with closer proximity 3 to 5 mm augmenting the electric 

field intensity at the liquid meniscus, thereby facilitating the early development of the cone 

(He and Jokerst, 2020; Soares et al., 2018). Excessive closeness, however, posed a danger 

of electrical breakdown at elevated voltages, especially for low-density fluids such as n-

heptane (Chen et al., 2017; Yao et al., 2014). Optimal cone-jet stability in ethanol-based 

electrosprays was seen at intermediate distances 5 to 10 mm, but greater distances over to 

10 mm often resulted in unstable phenomena such as dripping or spindle formation, 

particularly in high-viscosity fluids (Jahan et al., 2021a; Jiang et al., 2023; Xian et al., 2022).  

The voltage provided to the ionisation ring was modified according to the fluid's 

conductivity and the intended spray configuration. For low-conductivity fluids like n-
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heptane, higher voltages between positive polarities 8 kV and 10 kV were needed to help 

move charges, while for high-conductivity fluids like ethanol, lower voltages of positive 

polarities 2 kV to 5 kV were sufficient because they naturally allow ions to move more 

easily. Negative voltages between negative polarities 2 kV and 5 kV were sometimes applied 

to help spread out the droplets or change the direction of the spray, particularly when 

accurate placement was needed. Adjusting the voltage facilitated transitions among dripping, 

spindle, cone-jet, and multi-jet modes, with the stability of the cone-jet being acutely 

responsive to the interaction of voltage, fluid characteristics, and nozzle configuration 

(Jweeg et al., 2024; Namoos and Jasim, 2024; S. Wang et al., 2024). 

 

b) Nozzle Design and Fluid-Specific Adaptations 

Multiple nozzle designs were used, including stainless steel capillary nozzles, nozzle-

type emitters, and glass capillaries, with internal diameters varying from 50 µm to 300 µm. 

Nozzle lengths and wall thicknesses were determined according to desired spray 

performance and suitability for high-voltage operation. The distance between the nozzle and 

the substrate or collector was a crucial element, varying significantly from 10 mm to 50 mm 

depending on the application. 

The selection of nozzle geometry and material substantially affected the performance 

of the electrospray. Tapered stainless steel nozzles with inner diameters from 0.1 mm to 0.5 

mm were often used for their capacity to concentrate electric field lines, thereby promoting 

cone-jet initiation (Fernandez de la Mora and Barrios-Collado, 2017). Sharp-edged nozzles 

were especially efficacious for low-surface-tension fluids such as n-heptane, whereas glass 

capillaries were favored for electrically insulating applications due to their ability to reduce 

parasitic currents (Pan et al., 2014). 
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The nozzle-to-ring distance (NRD) was empirically tuned, with 5 mm being optimal 

for ethanol to reduce satellite droplet formation, but 8–10 mm was preferable for n-heptane 

owing to its reduced surface tension and vulnerability to charge saturation (Hartman et al., 

2000). The nozzle-to-collector distance (NTCD) was adjusted from 10 mm to 50 mm to 

examine its influence on droplet flight duration and deposition uniformity. Reduced 

distances below 20 mm correlated with increased collecting efficiency but posed a danger 

of electrical arcing, whereas wider distances over than 30 mm facilitated enhanced droplet 

evaporation and dispersion (Kang et al., 2021; 2023). 

 

c) Fluid Properties and Their Electrospray Response 

It was found that the density, conductivity, and surface tension of the working fluid 

had a significant impact on the behavior of the electrospray. In contrast to ethanol, which 

displayed greater operational stability at voltages ranging from 4 kV to 6 kV, n-heptane, 

which has a density of 684 kg/m³, required higher ionisation ring voltages, ranging from 7 

kV to 9 kV, to accomplish stable cone-jet formation. This information is summarized in 

Table 2.1. According to Pan et al. (2014), high-density fluids, such as water with a density 

of 998 kg/m³, exhibited shallow charge penetration, which required the positioning of 

proximal rings between three and five millimeters in order to achieve successful droplet 

charging. 

Table 2.1 Fluid properties and their corresponding electrospray (Pan et al., 2014) 

Parameter n-heptane Ethanol Water 

Density (kg/m³) 684 789 998 

Conductivity (S/m) ~10⁻⁶ ~1.3×10⁻³ ~5×10⁻⁶ (with 0.1M NaCl) 

Surface Tension (mN/m) 20.1 22.1 72 

Optimal Voltage Range +7 to +9 kV +4 to +6 kV 
+10 to +12 kV 

(pulsating mode only) 

Stability Window ±0.5 kV ±2 kV Unstable 

Charge/Mass Ratio (Q/m) ~1.5×10⁴ ~0.7×10⁴ ~2×10⁴ 
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Higher voltages were required to ensure steady jetting, even though lower-density 

fluids often showed higher charge-to-mass ratios (Q/m) due to their reduced droplet mass 

(Johari et al., 2022). Conversely, viscous resistance was more likely to occur in high-density 

fluids, which might compromise cone-jet stability at low flow rates (Hartman et al., 1999). 

Even though they produced more monodisperse droplets at lower flow rates, the same 

conclusion was reached. 

 

d) Synergistic Effects of Density and Ionisation Parameters 

The relationship between fluid density and ionisation ring parameters was crucial in 

determining electrospray efficacy. The low density of n-heptane necessitated elevated 

voltages and reduced ring spacing to counteract its weak inertial forces, while ethanol's 

intermediate density allowed for greater operational flexibility (Thakkar and Misra, 2021; 

Yu et al., 2021). Additionally, applying a negative charge was shown to help control the 

spray direction in thick fluids by preventing droplets from clumping together. Future 

research could explore multi-ring electrode configurations to distinguish between primary 

and secondary charging effects, as well as pulsed voltage techniques to reduce corona 

discharge in low-density sprays (Gan et al., 2019a; Laimer et al., 2019; Wang et al., 2015). 

CFD simulations could help explain how fluid behavior changes with density and how the 

electric field is spread out. 

 

e) Overview of Parameters Used and Controlled 

Throughout the body of study from 2018 to 2025, the following electrospray 

parameters were mostly altered and observed as shown in Table 2.2. Somehow, in several 

tests, supplementary factors like nozzle tilt angle, ambient gas flow, and substrate 
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temperature were investigated to assess their impact on droplet dispersion and flame 

morphology. 

 

Table 2.2 Overview parameters from previous research (Bošković and Bugarski, 2018) 

Parameter Typical Range Purpose 

Applied Voltage (V) 2–10 kV (DC) 
Initiates and stabilizes 

electrospray cone-jet 

Flow Rate (µL/min) 1–50 µL/min Controls droplet size, jet stability 

Nozzle-Collector 

Gap 
10–50 mm 

Defines electric field strength and 

deposition area 

Electrode Position 3–15 mm from nozzle 
Modulates ionisation efficiency 

and charge distribution 

Fluid Conductivity 10⁻⁸ – 10⁻⁴ S/m 
Impacts electrospray mode and 

droplet breakup 

 

2.3.4 Performance Evaluation in the Previous System Observations 

Electrospray ionisation (ESI) is a prevalent method in mass spectrometry for 

analyzing biomolecules, nanoparticles, and other chemical substances. Assessing the 

efficacy of electrospray systems is essential for enhancing ionisation efficiency, stability, 

and repeatability. Prior research has examined several factors affecting electrospray efficacy, 

such as voltage configurations, flow rates, solvent composition, and emitter design (Jowkar 

et al., 2019; Zeng et al., 2020). 

In other hand, influence of voltage and flow rate is a very important. The voltage 

used is very important for how well electrospray works because it controls the shape of the 

Taylor cone, which is a cone of liquid at the tip of the emitter. Research shows that using the 

right voltage keeps the Taylor cone stable, which helps create small, even droplets that are 

good for ionisation (Zhong et al., 2018). Excessive voltage may result in electrical discharge 

or erratic spraying, thereby diminishing signal stability (Laimer et al., 2019). The speed at 
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which the liquid flows is important, slower flow rates, usually in the nL/min range, create 

smaller droplets, which helps with desolations and increases ion yield. On the other hand, 

higher flow rates create bigger droplets that might not fully dry out, leading to lower 

sensitivity and more background noise. The findings emphasize the necessity of accurate 

voltage and flow rate regulation to sustain optimal ESI performance (Nekrasov et al., 2017; 

Uhlmann et al., 2025; Z. Wang et al., 2024). 

Moreover, role of solvent composition and conductivity is the choice of solvent 

significantly impacts electrospray efficiency. Polar solvents such as methanol and 

acetonitrile are commonly used due to their ability to dissolve analytes and facilitate charge 

separation (Fu et al., 2020; Tian et al., 2022). The addition of volatile modifiers like formic 

acid further enhances ion desolation and signal intensity in positive-ion mode. However, 

solvent conductivity must also be considered as highly conductive solutions can alter the 

electrospray mechanism, sometimes leading to multiple spraying modes or unstable ion 

currents (Giusti and Fredrich, 2024b; Takeno et al., 2024). Therefore, optimizing solvent 

composition is essential for achieving consistent and sensitive ESI performance. 

Without further ado, the impact of emitter design and nozzle geometry from the 

physical design of the electrospray emitter is another critical factor influencing performance 

(Arai, 2012). Traditional blunt-tip needles frequently demonstrate inconsistent spraying 

behavior, while tapered capillaries and microfabricated emitters offer enhanced stability and 

uniformity in electrospray, attributed to improved electric field distribution (Jahan et al., 

2021b; Mosa et al., 2023). The emitter material influences both durability and 

electrochemical reactions at the liquid-metal interface. Stainless steel emitters exhibit 

robustness but can trigger redox reactions, whereas fused silica emitters reduce undesirable 

chemical interactions (Chen et al., 2021; Thirukumaran et al., 2021). Advances in emitter 



 

28 

technology, such as modular integrated emitters and porous materials, increase the stability 

and sensitivity of ESI for many applications. 

External factors such as temperature, humidity, and gas velocity can significantly 

impact the effectiveness of electrospray. Variations in the environment have an impact on 

the pace at which droplets evaporate, which alters the efficiency of ion production (Qian and 

Liu, 2022; Rovelli et al., 2020; Zhang et al., 2022). Therefore, to ensure repeatability, 

controlled settings are often used in quantitative research. Long-term operational stability is 

a challenge, as emitter clogging, solvent depletion, and voltage drift may eventually reduce 

performance (Gan et al., 2015; Huang et al., 2023; Lin et al., 2015). Automated technologies, 

like self-cleaning processes and real-time monitoring, are addressing these issues, especially 

in high-throughput facilities. A complicated combination of electrical, mechanical, and 

chemical factors determines how effective electrospray ionisation devices are. 

According to earlier research, achieving stable and effective ionisation requires 

modifying the voltage, flow rate, solvent composition, and emitter design. Furthermore, 

long-term dependability depends on environmental management and system resilience. 

Future improvements that aim at smart electrospray systems, like adjusting settings 

automatically and increasing durability, could make ESI better for analytical research. 

 

2.4 Limitations of Electrospray Observed in Previous Work 

Electrospray systems have been extensively investigated for their applications in 

propulsion, thin-film deposition, and analytical chemistry (Namoos and Jasim, 2024). Prior 

research has identified several significant limitations that impact their stability and 

performance. The challenges include unpredictable jet behavior at high densities, problems 

keeping the cone stable with different dielectric fluids, and poor control over the external 

electrostatic field. 



 

29 

 

 

a) Inconsistent Jet Behavior at Higher Densities 

The operation of electrospray systems faces significant challenges, notably the 

instability of jet formation, especially at higher fluid densities. As fluid density increases, it 

gets harder to keep a stable balance between the different forces, like electrostatic, viscous, 

and surface tension (Gan et al., 2018, 2016; Zhang et al., 2015). This delicate equilibrium is 

critical to preserving a consistent and continuous Taylor cone and jet. When the system is 

disturbed, it causes the jet to break up in an uneven way, leading to droplets of different sizes 

that affect the accuracy of the spray (Agrawal, 2013; Banerjee and Mazumdar, 2012). 

Thicker fluids cause smaller, extra droplets to form next to the main spray, which 

makes it harder to get an even spray pattern. Increased fluid density leads to unpredictable 

mode transitions. The spray may transition from the preferred cone-jet mode to spindle or 

multi-jet configurations, resulting in additional inconsistencies in system performance 

(Chang and Urban, 2024). Instabilities are particularly harmful in high-precision 

applications like electric propulsion, where precise control of droplet size and velocity is 

essential for optimal performance and efficiency (Johari et al., 2022; Zuo et al., 2022). 

 

b) Difficulty Maintaining Cone Stability Across Different Dielectric Fluids 

The dielectric properties of the working fluid, including conductivity, viscosity, and 

surface tension, significantly influence the efficiency and reliability of electrospray systems. 

The properties directly impact how stable and shaped the Taylor cone is, which is essential 

for creating a steady jet in electrospray processes (Divvela and Joo, 2020; Franco et al., 

2021). Fluids exhibiting low electrical conductivity present considerable challenges, 

necessitating disproportionately high applied voltages to initiate cone-jet formation. The 
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elevated voltage raises operational energy requirements and increases the risk of electrical 

breakdown, which may harm the system and present safety issues (Ju and Maruta, 2011; 

Sosnowski and Hopfgartner, 2020; Zakaria et al., 2020). On the other hand, fluids that 

conduct electricity well quickly lose their charge, which disrupts the electric field at the 

surface of the fluid and causes the Taylor cones to collapse, making the spray less consistent 

(Wan and Zhao, 2020). Fluid thickness greatly affects how jets behave thick liquids resist 

changing shape when an electric force is applied, causing a slow start to the jet and a breakup 

pattern with thick strands instead of small droplets (Faraji et al., 2017). This phenomenon 

markedly decreases atomization efficiency and precision (Nekrasov et al., 2017; Oh and 

Kim, 2007; Yamaguchi, 2013). 

The limitation of a single electrospray configuration to handle diverse fluid 

properties presents a major obstacle to broadening the technique's applicability across 

various fields. (Kavadiya and Biswas, 2018; Shimokuri et al., 2017; Xie and Zhu, 2020) 

point out that because electrospray doesn't work the same way for all types of fluids, it can't 

easily be used in systems that need to handle different fluids for things like medical delivery, 

making materials, or checking the environment. Addressing these limitations related to fluid 

properties is essential for improving the versatility and adaptability of electrospray systems. 

 

c) Requirement for Enhanced Regulation of External Electrostatic Field 

The stability and performance of electrospray emission are greatly affected by how 

the electrostatic field is set up, particularly the placement and design of the extractor 

electrode, also known as the ion ring. The electrostatic field affects the forces on the fluid at 

the tip of the emitter, which in turn affects how stable the Taylor cone is and how evenly the 

jet is emitted (Takeno et al., 2024; Yang et al., 2020). A small misalignment of the ion ring 

or extractor electrode can cause an uneven electric field around the fluid's surface. This 
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results in the jet bending, emitting in an incorrect direction, and distributing droplets 

unevenly, potentially compromising applications that require high precision (Agrawal, 

2013). 

Furthermore, a non-uniform electric field might induce irregular charge buildup on 

the liquid's surface, disturbing the balance required for sustaining a stable cone-jet mode. 

This instability results in inconsistent droplet production, influencing both the size 

distribution and the directionality of the spray (Abdul Munir et al., 2018b; Jweeg et al., 2024; 

Pennisi, 2012). A further drawback is the absence of dynamic flexibility in several 

conventional electrospray configurations. Users cannot easily change the spray settings to 

match changing conditions or fluid properties because they can't actively move the 

electrodes or adjust the voltages as needed. 

Research by Kang et al. (2023) and Qian and Liu (2022) highlights how important it 

is to position the ion ring correctly, showing that even small mistakes in alignment can 

completely disrupt the cone-jet mode. This sensitivity highlights the necessity for robust 

mechanical designs and possibly adaptive control techniques that ensure electrode placement 

remains within critical limits. Optimizing the electrostatic field design, particularly by 

meticulous and changeable positioning of the ion ring, is crucial for attaining stable, 

repeatable, and controlled electrospray functioning. 

 

2.4.1 Ideology and Conceptual Framework for Improvement 

Recent improvements in electrospray systems have significantly emphasized the 

refinement of fluid density ranges to enhance operational stability. The fluid density directly 

affects the equilibrium between electrostatic forces and surface tension at the emission 

location, which determines the stability of the Taylor cone and the resulting jet. Researchers 

have reduced jet instability by controlling the density range of the working fluid, particularly 
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in situations where small changes in fluid properties could otherwise cause erratic spray 

patterns (Li et al., 2014; Ouyang and Cooks, 2009; Zhou and Biswas, 2021). A new 

ionisation ring shape has been added to enhance the homogeneity of the electrostatic field, 

complementing this method. Modifications in the curvature and spatial orientation of the 

ring around the emitter nozzle have shown the ability to enhance symmetrical field 

distribution, hence stabilizing cone formation and lowering the threshold voltage necessary 

for commencing electrospray (S. Wang et al., 2024; Zeng et al., 2020). 

In parallel with material and structural optimizations, significant progress has also 

been made in the realm of diagnostics and measurement techniques for electrospray systems. 

High-speed imaging technologies now allow researchers to observe jet formation and cone 

dynamics with high temporal resolution, enabling the detection of transient instabilities and 

droplet ejection patterns in real time (Kim et al., 2011). Additionally, the integration of phase 

Doppler anemometry provides quantitative data on droplet size distribution and velocity, 

which are critical for assessing spray quality (Uhlmann et al., 2025; Yamaguchi, 2013). 

These diagnostic tools are further enhanced by real-time monitoring systems that support 

adaptive feedback control. Such systems dynamically modulate operational parameters in 

response to spray behavior, thereby ensuring consistent droplet emission even under 

fluctuating environmental or fluid conditions (Huang et al., 2023). 

Further improvements in electrospray stability have been realized through the 

refinement of nozzle and ionisation ring configurations. A newly designed nozzle-ring 

assembly enables precise spatial alignment and adjustable electrode positioning, which 

contributes to more accurate control over the electric field gradient across the emission 

region (Yu et al., 2021). This precise alignment is essential for achieving stable Taylor cone 

formation, particularly in systems that operate with highly viscous or low-conductivity fluids 

(Jiang et al., 2023). Moreover, researchers have developed active voltage modulation 
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techniques that adapt the electrical potential applied to the emitter in real time. This approach 

allows for compensation of fluid property variations such as changes in viscosity or 

permittivity thereby extending the system’s operational range and enhancing its adaptability 

to a wider range of dielectric liquids (Parhizkar et al., 2017). 

Collectively, these advancements have significantly improved the controllability and 

reliability of electrospray systems. The convergence of optimized fluid parameters, 

enhanced electrode design, and advanced diagnostics has facilitated the development of 

more robust emission platforms capable of operating under diverse conditions. As a result, 

electrospray technology is becoming increasingly viable for high-precision applications 

across fields such as micro propulsion, nanotechnology, and biomedical engineering, where 

stable and controllable droplet generation is essential (Caballero-Pérez et al., 2025). 

 

2.4.2 Research Gap and Motivation Current Research 

Despite the extensive development in electrospray technology over recent decades, 

significant gaps remain in the understanding and optimization of Taylor cone behavior, 

particularly under variable fluid properties and non-uniform electrostatic conditions. 

Existing studies have primarily focused on conventional symmetrical configurations, 

assuming ideal field distributions and homogeneous dielectric properties of working fluids 

(Dong et al., 2023; Kim et al., 2022; Yu et al., 2021). While these assumptions hold under 

tightly controlled laboratory environments, real-world applications often involve fluctuating 

fluid densities, changing dielectric constants, and nonlinear electrostatic field effects factors 

that have been inadequately explored in current literature. 

One critical gap lies in the insufficient characterization of how fluid density variation 

affects Taylor cone stability and jet dynamics across a broader range of operating conditions. 

Although researchers such as Liu, Cheng and Tang (2023) have proposed improved nozzle 
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and ionisation ring configurations to enhance alignment and field distribution, the interplay 

between fluid density, surface tension, and electrostatic focusing remains only partially 

understood (Chiu et al., 2023). Furthermore, the lack of consensus on optimal ionisation ring 

geometries for diverse electrospray modes (e.g., cone-jet, pulsating, or microdripping) limits 

the ability to generalize existing models across different engineering applications. 

Another overlooked area is the real-time adaptability of electrospray systems under 

dynamic fluidic or electrical conditions. While advancements in high-speed imaging and 

diagnostic tools have enabled better visualization of cone-jet transitions (Zuo et al., 2022), 

relatively few studies have incorporated active control mechanisms such as voltage 

modulation and feedback systems to adaptively stabilize the spray process (Chen et al., 2021; 

Chiu et al., 2023). Moreover, the integration of these systems with optimized hardware 

configurations particularly redesigned ionisation rings that can generate tunable field 

gradients is still at a preliminary stage, creating a gap between theoretical modelling and 

practical implementation. 

From an application standpoint, there is also a need to explore electrospray 

performance across various dielectric fluids beyond standard test liquids like ethanol or 

glycerol. Many industrial applications, such as targeted drug delivery, nanoparticle 

synthesis, and micro propulsion, involve complex or proprietary fluid mixtures whose 

properties deviate significantly from those studied in academic experiments (Caballero-

Pérez et al., 2025). This mismatch highlights the need for a more robust electrospray system 

capable of compensating for diverse fluid characteristics while maintaining stability and 

efficiency. 

Motivated by these limitations, the present study aims to systematically investigate 

the effect of fluid density and ionisation ring geometry on the electrospray process, 

particularly focusing on the stability and characteristics of Taylor cone formation. This 
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research proposes a novel ionisation ring configuration with adjustable parameters, 

alongside controlled variation of fluid density, to evaluate their combined effects on cone 

shape, onset voltage, and jet stability. By incorporating real-time monitoring and active 

voltage modulation, this study also seeks to establish a more adaptive electrospray model 

that can function reliably across a range of non-ideal conditions. 

Ultimately, the motivation for this research lies in addressing the disconnect between 

idealized laboratory studies and real-world requirements. The expected outcome is a set of 

design guidelines and empirical data that enhance our understanding of electrospray 

performance under varied operating conditions and all these gaps more seen from Table 2.3. 

These insights are intended to support future developments in high-precision applications 

where electrospray technology serves as a core component, such as in biomedical 

engineering, aerospace propulsion, and nanomaterial fabrication. 
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Table 2.3 Summary of Identified Research Gaps in Electrospray Studies 

No Research gap Description Supporting references Addressed in current study 

1. 1 Limited study on fluid density 

variation 

Most electrospray studies assume constant 

fluid properties, lacking data on how varying 

density affects cone stability and jet behavior. 

Kim, Lee and Park 

(2022); Martínez-

Sánchez et al. (2023) 

Investigates cone performance 

across controlled fluid density 

ranges. 

2.  Inadequate optimization of 

ionisation ring geometry 

Existing designs do not fully explore how 

ring diameter, curvature, and spacing affect 

field uniformity and cone formation. 

Wang and Feng (2023); 

Liu, Cheng and Tang 

(2023) 

Proposes a novel ring 

geometry with adjustable 

parameters. 

3.  Lack of integrated real-time 

control mechanisms 

Few studies integrate high-speed diagnostics 

with adaptive feedback or voltage 

modulation to stabilize emission. 

Zhao, Chen and Mei 

(2023); Deng, Zhao and 

Huang (2023) 

Implements active voltage 

control and real-time feedback 

using imaging. 

4.  Narrow focus on idealized 

working fluids 

Most electrospray work relies on standard 

test fluids, with little analysis of performance 

with real-world or complex dielectric liquids. 

Martínez-Sánchez, 

Gamero-Castaño and 

Lozano (2023) 

Tests system performance 

using fluids of varying 

dielectric properties. 

5.  Disconnection between 

laboratory results and applied 

field requirements 

Existing models often fail to translate well to 

real-world electrospray systems used in 

propulsion, nanotech, or biomedical fields. 

Yang, Zhao and Lin 

(2022); Liu, Cheng and 

Tang (2023) 

Aims to bridge experimental 

data with practical application 

scenarios. 

6.  Lack of systematic correlation 

between ring-field 

configuration and cone 

dynamics 

Few studies quantify the impact of electric 

field distribution, shaped by electrode 

geometry, on Taylor cone stability. 

Wang and Feng (2023); 

Kim, Lee and Park 

(2022) 

Quantifies field effects on 

cone shape and onset voltage 

systematically. 
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2.4.3 Summary of Design Evolution and Key Learnings 

Early electrospray systems predominantly used single-capillary emitters, which 

limited throughput and scale. The shift towards multi-nozzle arrays was a major 

advancement that allowed for higher spray currents, increased deposition rates, and broader 

applicability in industrial and biomedical domains. These multi-nozzle designs addressed 

challenges of charge repulsion and droplet uniformity through careful spatial arrangement 

and voltage control, leading to better spray stability and efficiency (Tang et al., 2021). 

A pivotal learning was the control of Taylor cone geometry, which is crucial for 

achieving stable electrospray. Researchers found that precise modulation of electric field 

strength, flow rate, and liquid conductivity allowed better predictability and repeatability of 

cone-jet mode formation. This directly improved spray monodispersed and reduced 

operational instability in electrospray-based applications such as mass spectrometry and thin 

film deposition (Li et al., 2014). 

Recent studies demonstrated that ring electrode configuration significantly 

influences electric field focusing and cone stability. The introduction of conical or stepped 

ring geometries was shown to enhance field uniformity around the spray tip, thereby 

lowering the voltage required to initiate spraying and improving the electrospray’s energy 

efficiency (Dong et al., 2023). 

Key learnings also include the role of dielectric material in preventing electrical 

breakdown and corona discharge. High-performance materials such as polyether ether 

ketone (PEEK) and Teflon were adopted to improve safety and longevity of electrospray 

devices, especially in prolonged operations under high voltage conditions (Kang et al., 

2021). 

Design evolution moved toward miniaturization, enabling integration of electrospray 

systems into lab-on-chip and portable devices. Microelectromechanical systems (MEMS)-
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based emitters were developed to facilitate compact and low-power configurations suitable 

for point-of-care diagnostics and atmospheric aerosol research (Zhang et al., 2015). 

A recent advancement involved embedding real-time sensing and feedback control 

mechanisms in electrospray setups. This enabled dynamic tuning of operational parameters 

such as voltage and flow rate based on live feedback from optical or electrical sensors, which 

significantly enhanced precision in particle size and spray directionality (Gonzalez-Ramirez 

et al., 2024). 

Understanding mode transitions from dripping to cone-jet to multi-jet modes was 

crucial for optimizing process windows. Studies mapped these transitions using high-speed 

imaging and current-voltage characterization, establishing clearer guidelines for desired 

spray regimes under different fluid and environmental conditions (Jia et al., 2021). 

Lastly, the sustainability of electrospray systems has been examined, especially 

regarding solvent selection and energy usage. Green solvents and bio-based materials are 

increasingly being used to reduce ecological impact, and innovations in low-voltage 

operation continue to lower power consumption without compromising spray quality 

(Uhlmann et al., 2025). 

 

2.5 Spray Pattern Characteristics in Fuel Mixtures 

In curtain condition, how spray designs are made greatly affects how well fuel mixes 

and burns (Franco et al., 2021). The size of the drops, their charge, and how the spray spreads 

all greatly affect how stable the flame is in electrospray-assisted burning. Research shows 

that changing the features of an electrospray can alter how it looks, which can then influence 

how well it burns. 

The chemical interactions and varying evaporation rates of water and ethanol in a 

mixture can lead to several issues. The variations in spray patterns lead to inconsistencies 
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that affect the rate of flame initiation and spread, as indicated by the research. Parameters of 

the electrospray process, including tip-to-target distance, ring-ionisation size, and applied 

voltage, can be adjusted to achieve a more uniform distribution of fuel. 

A few researchers, found that spray pattern characteristics in fuel mixtures during 

electrospray processes are determined by factors such as fuel composition, nozzle design, 

and operational conditions (Gamero-Castaño and Cisquella-Serra, 2021; Huang et al., 2012; 

Ramshani et al., 2016). Studies demonstrate that incorporating oxygenated fuels, including 

ethanol and butanol, modifies spray morphology and stability, resulting in unique patterns 

that can be adjusted for enhanced performance.  The Table 2.4 the essential features of spray 

pattern characteristics in electrospray. 

 

Table 2.4 Past finding for spray pattern 

Researcher Finding Method Used Year 

Zhen Huang, Jin 

Xiao, Xinqi Qiao 

CO2 improves atomization 

and creates parabolic-shaped 

spray. 

Various factors significantly 

influence spray 

characteristics of CO2 fuel. 

Instantaneous shadowgraphy and 

high-speed photography 

Phase Doppler anemometry 

(PDA) and LDSA 

2012 

Zeinab Ramshani, 

Michael J. Johnson, 

Massood Z. Atashbar 

Broad area spray generated 

from piezoelectric 

transformer surface. 

Spray current non-linear 

with solution conductivity, 

minimal surface tension 

dependence. 

High voltage applied to 

piezoelectric transformer 

surface. 

Paper wick delivers liquid to 

generate spray. 

2016 

Zhuoying Jiang, 

Xiong Yu 

Effects of controllable 

parameters on deposition 

area not reported. 

Limited studies on droplet 

dynamics in electrospraying 

process. 

Simplified two-dimensional 

modeling of droplet dynamics. 

Experimental validation of 

simulation results. 

2018 

Hywel O. Davies, 

Midhat Talibi, 

Martin Hyde 

GSV technique effectively 

measures droplet 

concentration and diameters. 

Ethanol blends show larger 

droplet diameters than 

gasoline. 

TSI Global Sizing Velocimetry 

(GSV) interferometric technique 

Nd:YAG laser and 4 MP camera 

for imaging system 

2019 

Yun Ouedraogo, 

Erion Gjonaj, 

Herbert De Gersem 

Charge-radius correlations 

differ from classical scaling 

law. 

Numerical simulation of 

electrohydrodynamic 

2020 



 

40 

Researcher Finding Method Used Year 

Space-charge field builds up 

during electrospray 

transients. 

atomization in conductive 

liquids. 

Coupled multiphase flow 

equations with electroquasistatic 

problem. 

Manuel Gamero-

Castaño, Albert 

Cisquella-Serra 

Electrosprays produce 

charged nanodroplets and 

molecular ions. 

Time-of-flight and retarding 

potential techniques measure 

jet velocity and potential. 

Time-of-flight analysis for 

measuring jet velocity. 

Retarding potential analysis for 

assessing jet potential. 

2021 

Sarah Park, Lin Lei, 

Darrel D’Souza, 

Alex Liu, Emran 

Lallow 

Architecting charge 

landscape improves ESD 

deposition efficiency. 

Achieves near 100% 

efficiency on small targets. 

Electrospray deposition (ESD) 

for coating surfaces. 

Architecting local "charge 

landscape" for efficiency. 

2022 

Yiyu Lu, Yijing Li, 

Wenchuan Liu 

Ethanol addition affects 

spray deviation under 

various conditions. 

High latent heat of 

evaporation influences 

droplet behavior and spray 

dynamics. 

Diffused Back Illumination and 

Phase Doppler Anemometry 

Internal flow simulations for in-

nozzle flow information 

2023 

Mahdi Bagherian 

Dehaghi, Mehrzad 

Shams, Fatemeh 

Sohan 

Stable region for 70% 

ethanol exceeds 99.9% by 

17703%. 

Stability differences among 

ethanol-water mixtures are 

significant. 

High-speed imaging to assess 

electrospray stability. 

Examination of onset and end 

voltages across flow rates. 

2023 

Huidong Zhang, 

Wenchuan Liu, Yiyu 

Lu 

Oxygenated fuels cause 

spray pattern shifts and 

variations. 

Critical width correlates with 

ambient pressure and spray 

characteristics 

Diffuse backlight illumination 

method 

Phase Doppler anemometry 

method 

2024 

 

2.6 Summary  

This chapter reviewed the fundamental principles and recent developments in 

electrospray technology, with emphasis on Taylor cone formation and the parameters 

influencing its stability and performance. The Taylor cone, a conical meniscus formed under 

an electric field, is central to producing uniform, fine droplets in electrospray systems. Its 

stability depends on a complex interplay between the working fluid’s physical properties and 

the surrounding electric field, which can be shaped by electrode geometry. 
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Three key parameters were identified for detailed investigation which is ionisation 

ring diameter (IDIR), ionisation ring position, and fluid density. The ionisation ring is acting 

as a counter electrode for directly affects the electric field distribution around the Taylor 

cone. Its diameter determines how concentrated or dispersed the field lines are either smaller 

diameters can intensify the field, producing sharper cone angles, or larger diameters promote 

broader and potentially more stable spray patterns. The position of the ring relative to the 

nozzle tip controls how the electric field interacts with the emerging liquid jet, influencing 

the transition between electrospray modes and the stability of the cone-jet. Fine-tuning both 

parameters is essential for optimising spray uniformity, and cone stability. 

Density is equally important because it governs the inertial and viscous forces within 

the fluid, affecting the onset voltage required for cone formation and the stability of the jet. 

This study focuses on three representative fluids which is water, a high-density, high-

surface-tension liquid, represents challenging conditions for cone stability due to its 

resistance to deformation. Meanwhile, for the ethanol, with intermediate density and low 

surface tension, is easier to ionise and forms cones at lower voltages, making it a widely 

studied reference fluid and n-Heptane, a low-density, low-conductivity hydrocarbon, 

presents unique challenges for stable spraying but is relevant for related applications. By 

selecting fluids with contrasting densities and physical properties, the study aims to capture 

a broad spread of electrospray behaviours. This approach allows the combined effects of 

density and ionisation ring configuration to be systematically explored, filling a notable gap 

in existing research that often treats these factors in isolation. 

In conclusion, the literature demonstrates that while many studies have examined 

either fluid properties or electrode geometry independently, few have addressed their 

combined influence on Taylor cone stability particularly for fluids of varied densities 

relevant to practical applications. This gap forms the central motivation for the current 
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research, which seeks to optimise electrospray performance through controlled variation of 

ionisation ring geometry and fluid density.   
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CHAPTER 3 

 

3 METHODOLOGY 

 

3.1 Introduction 

This chapter presents the detailed description of the experimental setup and the step-

by-step procedures undertaken to achieve the objective of the study. The study focuses on 

investigating the influence of electrospray parameters on the formation and behaviour of the 

cone jet. Specifically, the study seeks to determine the optimal parameter for generating a 

stable cone jet from working fluid of water, ethanol and mixtures of ethanol and heptane. 

The findings are expected to provide valuable insights for vast applications that need 

precision in droplet size and distribution. 

The outline of this chapter is set as follows; Section 3.2 presents the project 

flowcharts are described beginning with the identifications of the problem statement and 

continuing through to the conclusion of the study. Section 3.3 describe the experimental 

setup along with the equipment used in the experiment that is listed down along with its 

descriptions. Here the details about the electrospray parameters, namely the size, distance 

and position of the ionization ring (IR) will be explained and discussed in detail. Section 3.4 

further elaborates on the equipment, their specifications, and the parameters utilized for the 

electrospray setup. Section 3.5 describes the working fluid that furnishes supplementary 

information on other equipment specifications that bolster the overall electrospray setup. 

Section 3.6 focuses on the analysis of the experimental results. 
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3.2 Project Flow Chart 

Figure 3.1 shown flow chart of the development of a project from conception to 

completion. To achieve all of the research goals, from literature review to hardware 

preparation of the experiment, data collection and finally the results are being analyse. 

Based on the flowchart in Figure 3.1, the flowchart outlines a systematic approach for 

analyzing and improving the electrospray technology, highlighting the achievement of a stable 

Taylor cone, the study involves much of research from its inception to the present. A 

comprehensive analysis of recent research is conducted in order to understand electrospray 

ionization, the impact of charged droplets, and the significance of factors such as voltage, 

charge distribution, and fuel atomization. The procedure starts with an analysis of the 

development of the electrospray technology, followed by the formulation of the problem 

description and research objectives. It then analyzes suitable parameters that enhance 

electrospray stability, researchers are looking at key factors such as the size of the ionization 

ring, the distance from the tip to the target, and the flow rate of the fuel to understand their 

impact on Taylor cone formations. In this stage the identification of the crucial and significant 

parameters to the formations of the Taylor cone is identified. Followed by the design and 

execution of an experimental equipment to assess the method.  Initial studies focus on 

investigating the impact of diverse parameters on the characteristics of the Taylor cone, 

namely the cone angle and jet stability. Based on the parameter identified for the electrospray, 

a test rig is developed and an experimental setup is prepared for the electrospray based on the 

identified parameters. The setup involves careful placing of the electrodes, control of the 

voltage, and improving the spray pattern to make sure the droplets spread evenly. By 

improving the design of the electrospray nozzle and fine-tuning the voltage used, the 

experiment makes sure that the spray pattern of the electrospray can be achieved. Before the 

experimental setup is run a through checks is done on the electrospray device's functionality. 
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This involves testing the camera, flowrates, voltage, and positioning the nozzle. If the 

technique doesn't work as expected, changes are made by looking back at the experiment setup 

and adjusting the electrospray details. This step-by-step method helps make ongoing changes 

by fixing any problems with how droplets spread, charge buildup, or even burning. 

Following successful functional testing, the next step involves the data collection to 

achieved objectives 1 which is the parameter that influences the Taylor cone characteristics.  

This involves, finding the best positions for the electrodes and ionization rings, and making 

sure that electrospray works well with current solution utilized. Now that the basic structure 

is set, we make improvements by changing electrospray settings to better distribute charge, 

speed up droplet evaporation, and improve burning efficiency. The almost similar step is 

repeated second time for the density variations of the liquid to achieved the objective 2. 

Informed by these findings, appropriate working fluids such as water, ethanol, and 

ethanol and n-heptane mixtures are chosen for further testing. Subsequent studies investigate 

the impact of fluid density modifications and ionization ring parameters on cone formation 

and jet dynamics. The findings are then analyzed to discern patterns and correlations among 

density, ring configuration, and cone properties. The study ultimately closes by identifying 

the ideal fluid density and ionization ring parameters required for the formation of a stable 

Taylor cone, thus achieving the research purpose. 

. 
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Figure 3.1 Project flow chart 

 

Objective 1 

Objective 2 
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3.3 Experimental Setup 

The electrospray system is a specialized device that generates a fine spray of charged 

droplets, commonly used in mass spectrometry, nanoparticle generation, and fuel 

atomization. The basic setup of an electrospray device consists of a nozzle, a high-voltage 

source, and electrodes strategically positioned to control the spray. 

 

Figure 3.2 Schematic experimental setup 

 

A schematic diagram of the experimental setup is illustrated in Figure 3.2. The 

apparatus features a high-voltage power supply (71030 Series), capable of generating a direct 

current (DC) electric field with output voltages ranging from 0 to 10 kV and a maximum 

output current of 3.0 mA, developed by Genvolt. In this setup, a syringe pump (NE-1000 

Series) is utilized to regulate the flow rates of the liquid being sprayed. To prepare the 

system, the desired solution is loaded into a 60 mL syringe with an inside diameter of 29.7 

mm. The syringe pump is designed to operate with a 12 VDC power supply and can achieve 

High voltage power supply 
71030 Series. 

Syringe pump (NE-1000) 

Series 

Nozzle (model 
FU-3-6 Tomix) 

Ionization Ring (IR) 
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infusion rates up to a maximum of 35.33 mL/min. A standard nozzle (model FU-3-6 Tomix) 

is connected at the output of the syringe. This nozzle has a gauge size of 20 G, with an outer 

diameter of 0.88 mm and an inner diameter of 0.55 mm, along with a nozzle length of 80 

mm. The positioning of the ionisation ring (IR) detector is crucial, it is set downstream from 

the nozzle tip at a carefully defined distance to allow efficient droplet desolation and 

ionisation processes to occur. 

Additionally, the experimental design includes a ring electrode referred as 

ionisation ring that is linked to the ground terminal of the power supply, thus establishing 

the essential electric field required for effective electrospray ionisation. This arrangement 

facilitates the controlled generation of charged droplets, which are pivotal for subsequent 

analysis and experimentation. 

Electrospray is a technique that utilizes a high voltage applied to a liquid flowing 

through a capillary. The high voltage applied to the liquid is thus charges the liquid into 

negative charge. As widely known to be discharge, the liquid with a negative charge is eager 

to be grounded or jump to positive charge electrode. This kind of phenomenon experience 

by the liquid generate a cone line shape at the tip of the nozzle which known as the Taylor 

cone. At the end of the Taylor cone, a spray pattern is observed which is a fine aerosol is 

observed. When the electric field overcomes the liquid's surface tension, a Taylor cone forms 

at the capillary tip, ejecting a jet that breaks into small, charged droplets. As the solvent 

evaporates, the droplets shrink and undergo Coulombic fission, eventually producing gas-

phase ions 
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3.4 Hardware Equipment 

The hardware equipment for the technique is made up of the following components, 

which are measured the angle using AutoCAD software. Furthermore, this design to 

monitors the effect of various ionisation ring and the effect of fluid density. This section 

contains a list of the hardware that was used to measure the parameter. 

 

3.4.1 High-Voltage DC Power Supply 

The 71030 Series High Voltage Power Supply from Genvolt. It is designed for 

applications that require accurate voltage management and reliable power delivery. This 

material is widely used in scientific research, industrial applications, medical equipment, and 

electrospray systems due to its excellent voltage stability, efficiency, and dependability.  

Superior voltage control technology gives the 71030 Series change high-voltage 

output from kV to hundreds of kV. Appendix D (I) tabulated the specification of the 71030 

Series High Voltage Power Supply from Genvolt. For sensitive electronics, the low ripple 

and noise architecture provides clean, steady power. Precision digital controls, over-voltage 

safety, current limitations, and overheating shutoff are included. These safeguard operations 

and equipment. 

 

3.4.2 Syringe Pump System 

The NE-1000 Syringe Pump functions as a high-precision fluid delivery system, 

suitable for use in laboratory and industrial environments. The system accommodates 

multiple syringe sizes, with a maximum capacity of 60 mL, thereby providing flexibility for 

managing various fluid volumes in accordance with experimental or process specifications. 

This programmable single-syringe pump delivers a steady and continuous liquid flow, which 

is critical for maintaining stable spray properties during the electrospray process. 
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The pump can accommodate syringes with capacities up to 60 mL and flow rates 

ranging from minimum flow rates of 0.73 µL/hr with using a 1 mL syringe and a maximum 

flow rates of 2120 mL/hr with using a 60 mL syringe. The extensive operational range 

enables utilization in applications that necessitate very slow and precise fluid delivery, in 

addition to those that require a relatively high-speed infusion or withdrawal. The details 

specifications of the syringe pump are tabulated in Appendix D (II). This wide range of flow 

rate control is critical for maintaining stable electrospray conditions since fluctuations in 

liquid supply can have a considerable impact on spray properties, Taylor cone formation, 

and overall flame stability. The current investigation adjusted the syringe pump to a 

consistent flow rate of ±0.1 mL/min to ensure consistent liquid dispersion via the G20 needle 

throughout the electrospray procedure. Additionally, RS-232 interface included in the NE-

1000 also enables external control and automation, hence improving uniformity in 

electrospray research. 

Furthermore, its non-volatile memory stores important operating parameters, 

decreasing any inconsistencies between trials. The fine control given by this syringe pump 

was critical in the study of electrospray modes, notably in determining the effects of voltage 

and ionisation ring location on Taylor cone stability and spray pattern dynamics. The syringe 

pump reduced experimental variability by supplying a consistent and controlled flow, 

allowing for a more precise investigation of the electrospray-assisted combustion process 

and its implications for flame stabilization in microscale energy systems. 

 

3.4.3 Metallic Capillary Nozzles - Nozzle spray gun with nozzle FU-3-6 

The FU-3-6 nozzle spray as shown in Figure 3.3 cannon features a precision-

engineered spraying mechanism for regulated fluid atomization, making it perfect for uses 

such as fuel injection, electrospray-assisted combustion, industrial coating, and biomedical 
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misting systems (Emi Corporation, 2025). This nozzle is great at producing fine mist drops 

that spread evenly with the right droplet size, helping to mix fuel and air effectively. FU-3-

6 sprays are directed by a precision nozzle valve. This ensures consistent drops and sprays. 

Stainless steel or rust-proof elements make the construction sturdy and chemical- and heat-

resistant. Different industries can use the nozzle's cone, fan, and jet spray patterns.  

The FU-3-6 nozzle spray gun controls liquid flow using a nozzle valve. This valve 

controls droplet size and speed. The pressure forces liquid into the opening chamber. The 

nozzle valve is carefully adjusted to vary flow rate and spray pattern. In the schematic of the 

nozzle spray gun, the valve responsible for controlling droplet size and spray speed is located 

at the top central section of the assembly, where the adjustment knob is positioned. This 

valve regulates the flow of liquid by varying the pressure within the opening chamber, 

thereby determining the rate at which the liquid exits through the nozzle. By carefully 

adjusting this nozzle valve, the operator can fine-tune the liquid flow rate and consequently 

modify the spray pattern, enabling precise control over droplet formation and distribution to 

achieve the desired atomisation effect. Shear forces separate the liquid into small, even drops 

as it travels through the tiny orifice, which spreads out regulated. This technology improves 

how medicine is delivered in aerosol form, provides better coating uses, and helps fuel burn 

more effectively by breaking liquids into fine droplets. Appendix D (III) tabulated the 

specification of the nozzle. 
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Figure 3.3 Schematic of Nozzle spray gun (Emi Corporation, 2025) 

 

3.4.4 Imaging System 

To record the creation of the Taylor cone, the U500X type digital microscope camera 

is used as shown in Figure 3.4. Both the video and picture resolutions of the microscope 

camera are rather high, measuring in at 0.3 Megapixels and 640 x 480 pixels per inch, 
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respectively. These cameras have high-resolution sensors that can show the electrospray 

production and the movement of the Taylor cone. in addition. The camera's 15 mm to 40 

mm focal range allows for good recording of bead shapes and spread sizes. In addition, the 

brightness, which is defined as the number of picture flashes on the screen per second to 

create the appearance of genuine movement, is 600 lux, and the frame rate is 30 fps. The 

electrospray needle and the region where the Taylor cone emerges are good examples of 

where it needs to focus. 

 

 

Figure 3.4 Schematic diagram digital microscope camera 

 

As the camera captures delayed images and videos under various experimental 

settings, tracking its development becomes easy. Prior to the start of the trial, a thorough 

positioning and calibration process is required to ensure accurate imaging and evaluation. In 

order to provide the best possible data gathering during the alignment operation, it is 
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necessary to know both the cardinal location of the electrospray needle and the visible zone 

in the camera's field of vision. 

 

3.4.5 Parameters: Voltage Influence and Charge Generation 

Ground of the power source is linked to a vital component of the electrospray system, 

the ring electrode. This arrangement produces the required electric field, which helps liquid 

droplets to be under control ionized. Direct behind the needle tip, the infrared (IR) helps 

charge transfer and improves droplets drying efficiency. 

Starting the electrospray process, the power source has turned on; the voltage is 

adjusted between 0 kV and 10 kV. Initiated to run a consistent 0.10 mL per minute via the 

needle, the syringe pump. The ionization ring can be adjusted in both position and size, 

facilitating the understanding of its effects on spray stability and the formation of the Taylor 

cone. 

During the study, the power source settings, the ionization ring's size, and the needle's 

position were changed. The interplay of these components regarding the homogeneity of the 

spray, is observed in this work. 

 

3.4.6 Parameters: Influence of Ionisation Ring (IR) 

The ionization ring (IR) plays a critical role in the operation of the electrospray setup 

during the spray's motion. The primary function is to regulate and enhance the distribution 

of the electric field during the discharge process. The proximity of the Taylor cone to the 

aperture or needle is critical for ensuring an even liquid flow and maintaining the stability 

of the cone. This configuration enhances the uniformity and intensity of the electric field. 

This improved field design enhances the stability and accuracy of the spray, facilitating 

better control over the landing and movement of collectors and particles. 
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Ionization ring (IR)s with internal diameters (ID) of 10.3, 15.3, and 21.2 millimetres 

(mm) and the thickness diameter is 1.9 millimetres (mm) were used to investigate the impact 

of the opening size on the strength of the electric field, the behaviours of the jet, and the 

discharge pattern as shown in the Figure 3.5. The dimensions of the ionization ring (IR) 

influence the convergence of the electric field surrounding the orifice, subsequently 

impacting the movement of the particle. The ionization ring (IR) plays a critical role in 

electrospray technology, enabling precise control over various components. 

 

Figure 3.5 Ionisation Ring (IR) 

 

3.4.7 Effect of Nozzle Position on Electrospray Stability 

Another crucial consideration investigated in this study is the precise location of the 

needle tip concerning the ionisation ring (IR). Taylor cone formation, durability, and stability 

depend mostly on the position of the needle. Based on literature it is found that the position 

of ionisation rings influence significantly the spray characteristics of the Taylor cone 

(Barreto and Hernandez-Rivera, 2022b; Faraji et al., 2017). Thus, in these investigations two 

position of needle are being consider which represented as position A and position B. Figure 

3.6 shows that two different needle tip locations are being studied: 

• Position A: The tip of the needle is located above the ionisation ring (IR). 

• Position B: The needle tip is located beyond the ionisation ring (IR). 
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Figure 3.6 Schematic positioning needle tip to ionisation ring (a) position A - above 

ionisation ring (b) position B - passes ionisation ring 

 

This study indicates Position A as the primary configuration for experimental 

investigations related to second objective for this research, which aims to establish the 

fundamental relationship between working fluid density and Taylor cone characteristics. The 

justification for selecting Position A, with the needle tip located 5 mm above the ionisation 

ring, lies in its ability to ensure a more uniform and stable electric field distribution at the 

nozzle outlet. This configuration reduces the direct disturbance of the liquid meniscus by the 

ionisation ring, allowing the Taylor cone to develop under regulated electrohydrodynamic 

forces instead of being excessively affected by geometric limitations. The stability of the 

system is essential when analysing fluids with differing densities, such as water, ethanol, 

and ethanol and n-heptane mixtures. This stability guarantees that variations in cone angle, 

jet initiation, or discharge behaviour are primarily due to the inherent physical properties of 

the fluid, rather than external artifacts related to the electrode configuration. Position A 

provides the most dependable experimental framework for fulfilling the aims of this 

research. 

In contrast, Position B, where the needle tip protrudes beyond the plane of the 

ionisation ring, results in a heightened concentration of the localised field and increased 

distortion at the needle–ring interface. This arrangement may improve charge injection and 

Position A Position B 
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accelerate jet initiation; however, it also raises the risk of unstable spray modes and 

premature jet disruption. In this investigation, such effects are undesirable as they complicate 

the systematic evaluation of fluid density's role. Position B was included in the preliminary 

analysis to serve as a comparative reference and to illustrate the impact of needle–electrode 

alignment on spray behaviour. The comparison of these two positions draws attention to the 

importance of electrode geometry in electrospray stability and establishes a solid framework 

for isolating the effects of working fluid density on Taylor cone formation. 

 

3.5 Working Fluid 

3.5.1 Specification of Liquid 

The experimental work in this study involved the use of three primary liquid 

components which are ultrapure deionized water, absolute ethanol, and n-heptane. These 

liquids were selected based on their relevance to droplet formation, spray characteristics, and 

homogeneity behaviours commonly studied in electrospray and fluid atomization research. 

Absolute ethanol (C₂H₅OH) of ≥ 99.8% purity, while n-heptane (C₇H₁₆) of ≥ 99% purity. 

The selection of ethanol and n-heptane allowed for investigation of a wide polarity 

spread, given ethanol’s polar protic nature and n-heptane’s non-polar hydrocarbon 

characteristics. Water was included as a control substance due to its unique polar properties 

and high surface tension. The properties of each fluid such as volatility, polarity, and 

viscosity are play a critical role in determining the behaviour of the electrospray jet and were 

therefore considered during experimental design. 

 

3.5.2 Mixing Ratios and Composition 

Electrospray Ionisation (ESI) involves a relationship between a liquid’s density and 

the required charge current, which is influenced by physical properties including viscosity, 
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surface tension, and electrical conductivity. Low-density liquids with high electrical 

conductivity, low surface tension, and low viscosity require a lower charge current, as 

droplets are smaller and more easily charged. Conversely, low-density liquids with low 

electrical conductivity or high surface tension require a higher charge current to promote 

ionisation and sustain the spray. This relationship is based on the natural physical properties 

of the liquid. While water and ethanol can each produce a stable cone-jet independently, n-

heptane cannot due to its very low electrical conductivity, non-polar nature, and weak inertial 

forces, which make it inherently unsuitable for electrospray. Since electrospray requires a 

conductive medium to generate ions effectively, pure n-heptane demands a much higher 

charge current for ionisation, and in many cases, may fail to form a stable spray or produce 

a detectable signal. In laboratory practice, non-polar, non-conductive liquids such as n-

heptane are rarely used alone in ESI, instead, they are commonly mixed with polar solvents 

for example with methanol, acetonitrile, or water to enhance conductivity and spray stability. 

To examine the effects of fluid composition on spray characteristics and fluid 

properties, a series of binary and pure liquid samples were prepared. The binary mixtures 

consisted of ethanol and n-heptane in three volumetric ratios: 

• 30% ethanol: 70% n-heptane 

• 20% ethanol: 80% n-heptane 

• 10% ethanol: 90% n-heptane 

 

In addition, pure ethanol (100%) and pure water (100%) were tested as reference 

samples. These specific ratios were selected to provide a gradient of decreasing ethanol 

concentration while increasing the proportion of n-heptane. This systematic variation 

enabled the analysis of how ethanol’s polar nature influences key parameters such as density, 

surface tension, and viscosity when diluted in a non-polar medium. The use of pure water 
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served as a comparative benchmark due to its distinctly different physicochemical 

characteristics, including high density, high surface tension, and strong conductivity. By 

introducing ethanol into n-heptane, the mixture’s conductivity is improved while retaining 

n-heptane’s high energy content, enabling stable cone-jet formation and making the fuel 

blend more suitable for electrospray-based combustion applications. 

 

3.6 Data Collection and Analysis 

The angle of the Taylor cones is one of the most crucial parameters in determining 

whether an electrospray experiment is successful. During this experiment, the angles of the 

Taylor cone that are produced by the setup will be documented and analysed using the 

reliable computer-aided design program known as AutoCAD. The electrospray Taylor cones 

are first taken using a digital microscope camera. After the images have been taken, they 

must be uploaded to the AutoCAD program. The bead angles that are investigated in depth 

utilizing AutoCAD's rich measurement and annotation tools are shown in Figure 3.7. 

A line is drawn approximately on both sides of the needle moving toward the tip of 

the needle. Then, the end of the line becomes the reference point to draw straight lines along 

the electrospray Taylor cone. To guarantee accurate measurement of the orientation of each 

bead, these lines are precisely aligned with its longitudinal axis. Next, an angle measurement 

tool in AutoCAD is used to figure out the angle between the line drawn along the Taylor 

cone's as shown in Figure 3.7. This capability allows you to precisely estimate bead angles, 

which is critical when analysing the stability and direction of the electrospray jet. The peak 

angle in this context refers to the measured angular divergence formed at the apex of the 

Taylor cone, which is the sharpest point where the liquid meniscus transitions into a jet. 

This angle is taken from the reference point at the tip of the needle, extending 

symmetrically along both sides of the cone, as illustrated in Figure 3.7. By clearly defining 
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the peak angle, the measurement provides an objective parameter to evaluate the sharpness 

and stability of the Taylor cone, which directly influences the onset of jet emission and spray 

uniformity. A smaller peak angle typically signifies a more stable cone-jet mode, while a 

larger angle indicates weaker confinement of the electrostatic forces, potentially leading to 

instability in the electrospray process. Thus, clarifying this measurement ensures that the 

relationship between applied parameters and cone formation can be interpreted with higher 

precision, which directly supports the study’s objective of establishing the fundamental 

relationship between working fluid density and Taylor cone characteristics. 

 

Figure 3.7 Positioning of angle that has been measured 

 

 

 

drawn towards the tip of needle 
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CHAPTER 4 

 

4 RESULT AND DISCUSSION 

 

4.1 Introduction 

This chapter presents the experimental and analytical data about the characteristics 

of Taylor cone under variations in electrospray parameters.  The size, axial position, and 

applied voltage of the Ionisation Diameter Ring (IDIR) are examined to determine their 

influence on the formation and stability of the cone-jet mode.  In electrospray, these 

parameters govern the electric field distribution, which influences atomization and jet 

dynamics. 

This study highlights the significance of fluidic physical parameters, especially fluid 

density, in the formation of Taylor cones, alongside geometric and electrical considerations.  

The secondary objective of this study is to examine the relationship between fluid density 

and Taylor cone characteristics to comprehend the influence of fluid inertia on electrospray 

dynamics. This chapter analyses Taylor cones across various parameters and fluid densities 

via visual observation.  The visual observations, measurement data, and theoretical analyses 

to ascertain the ideal operating parameters for stable cone-jet formation and enhanced 

atomization. 

The chapter is organized as follows: Section 4.2 examines electrospray parameters, 

and the spray patterns observed. Section 4.3 Elaborates on liquid variations effects towards 

Taylor cone behaviour. Finally, Section 4.4 summarizes the important results and discusses 

the implications for electrospray technique. 



 

62 

4.2 Analysis of Electrospray Parameters and Spray Pattern (Objective 1) 

4.2.1 The Electrospray Mode 

The result of electrospray modes is the observation of the Taylor cones developed at 

the tip of the needle which is generated by the variable supplied of voltage and flow rate. It 

is found out from the observations of the Taylor cone that the electrospray modes can be 

divided into five basic modes as shown in Figure 4.1. The electrospray modes are referred 

to as (1) Dripping mode, (2) Spindle mode, (3) Cone-Jet Mode, (4) Tilted Jet Mode and (5) 

Flying Current. The same kind of electrospray modes of Taylor cone are also observed in 

past studies as in reference (Kim et al., 2022).  

All of these electrospray modes are found in all of our experimental results regardless 

of the working fluid utilized and position of the needle (refer to position A and position B in 

the methodology section). The details regarding each electrospray mode are explained as 

follows: - 

a) Dripping Mode (DM): At low voltages, the electric field has little impact on the 

liquid, thus droplets form mostly owing to gravity forces. This mode is distinguished 

by a steady drop size that corresponds to the nozzle diameter. 

b) Spindle Mode (SM): As the voltage rises, a partial cone formation occurs, with a jet 

emerging from the nozzle and creating uniform droplets at regular intervals. More 

constant droplet generation follows from the more ordered spindle mode than from 

the dripping mode. 

c) Cone Jet Mode (CJ): A stable Taylor cone forms at a crucial voltage threshold to 

generate a fine liquid jet in Taylor Cone or Cone Jet Mode (CJ). Offering continuous 

droplet dispersion, this is the steadiest electrospray mode. 

d) Tilted Jet (TJ): Beyond the stable Taylor cone regime, the jet deviates to one side 

owing to the electric field, producing an unstable and asymmetrical spray pattern. 
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e) Flying Current (FC): At extremely high voltages (about 10 kV), the electric field is 

strong enough to cause corona discharge. This produces ionisation in the surrounding 

medium, producing a flying stream of charged particles rather than a structured liquid 

spray. 

 

Figure 4.1 Modes of Electrospray 

(a) Dripping mode (DM) (b) Spindle mode (SM) 

(c) Taylor cone or cone jet (CJ) (d) Tilted jet (TJ) 

(e) Flying current (FC) 
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Figure 4.2 Difference mode electrospray based on flow rate 

 

Additionally, from observations of the results, it is found out that apart from the five 

electrospray modes, there are two additional electrospray modes, namely are Multi-Jet (MT) 

and Pulsed Jet (PT) Modes as depicted in Figure 4.2. These kinds of behaviour were seen 

particularly at certain flow rates which are also observed in past refs (Kim et al., 2022) in 

their electrospray setup. For this study the MT and PT are observed at low flow rates (0.01–

0.05 mL/min), with sporadic liquid emission. On the other hand, the MT activity was seen 

at higher flow rates (0.5–1.0 mL/min). These kinds of behaviour only occur for the needle 
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setup of position A. For the case of position B, these kind observations are not consistent 

and easily turn into flying current. 

 

4.2.2 Effect of Voltage and IDIR size 

Table 4.1 and Table 4.2, tabulated the results obtained from the experimentation of 

the electrospray for position A and position B, respectively. The table presents the voltage 

applied in kV, the size of the IDIR, electrospray mode, and the angle produced from the cone 

formed at the tip of the nozzle. In general, it is observed that, for both scenarios of position 

A and position B, the electric current begins to exert an effect at an applied voltage of 4.5 

kV to the water. As the voltage increases, the Taylor cone starts to appear and finally at a 

higher voltage flying current or the corona discharge starts to occur. It is also observed that 

larger size of IDIR allows for a broader voltage range to generate electrospray modes. 

The results are explained by categorizing the collected voltage data into low voltage, 

mid-voltage, and high voltage groups. Low voltage is defined as ranging from 3.0 kV to 4.0 

kV, mid-range voltage spans from 4.5 kV to 6.0 kV, and high voltage is categorized as 

exceeding 6.0 kV. At the lower voltages of 3.0 kV and 3.5 kV, both setups at position A and 

position B consistently generates DM, irrespective of the IDIR sizes (10.3 mm, 15.3 mm, 

and 21.2 mm). At 4.0 kV, the mode primarily remains DM, with the exception of position A 

setup and the application of 10.3 mm for IDIR, where a transition to SM occurs. As voltage 

exceeds 4.0 kV, increasingly complex behaviours are observed. The transition from DM to 

CJ occurs at approximately 4.5 kV for both position A and position B setups, indicating a 

consistent voltage threshold for this transformation. The development of TJ, MT, and 

intermittent CJ modes within the voltage range of 5.5 to 6.0 kV indicates a threshold where 

electrospray behaviour transitions to a more intermittent and jet- like form. 
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The electrospray mode and the applied voltage showed an obvious association 

according to the experimental data. It was discovered that certain voltage thresholds 

corresponded to the change between many modes: 

• Low voltage (3.0–4.0 kV): Mostly DM, with sporadic upper end of this range shift 

to SM. 

• Mid-voltage (4.5–6.0 kV) formation of a stable Taylor cone and subsequent CJ mode 

transition indicates ideal electrospray conditions. 

• TJ, MT, and FC show appearance of instability resulting from too strong electrostatic 

forces upsetting the spray pattern at high voltage (>6.0 kV). 

 

The experimental findings show that as it generates tiny and homogeneous droplets 

while preserving spray consistency, a voltage range of 4.5 kV to 6.0 kV is ideal for stable 

electrospray-assisted applications. In the datasets provided, intermittent CJ appears at 

different voltages for different IDIRs: 5.5 kV and 6.0 kV for the 10.3 mm ionisation ring, 

6.0 kV, 6.5 kV, and higher voltages for the 15.3 mm ionisation ring, and 6.0 kV for the 21.2 

mm ionisation ring, indicating that both voltage and electrode geometry influence this mode.  

Overall, a consistent pattern of mode transitions as voltage increases. The IDIR 

determines the angle of the Taylor cone. To summarize, rising voltage consistently causes a 

transition from DM to more difficult modes such as CJ, TJ, and MT, with the IDIR having 

a significance influence on the angle of the Taylor cone. 
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Table 4.1 Data collection based on spray pattern and angle due nozzle above the ionisation 

ring (Position A) 

IDIR (mm) 10.3 15.3 21.2 

Voltage (kV) Mode Angle (°) Mode Angle (°) Mode Angle (°) 

3.0 DM 0 DM 0 DM 0 

3.5 DM 0 DM 0 DM 0 

4.0 SM 0 DM 0 DM 0 

4.5 CJ 64 CJ 38 CJ 38 

5.0 CJ 68 CJ 37 CJ 61 

5.5 Intermittent CJ 70 CJ 37 CJ 61 

6.0 TJ 77 Intermittent CJ 42 Intermittent CJ 65 

6.5 FC 0 Spray 42 Intermittent CJ 65 

7.0   Intermittent CJ 43 CJ 67 

7.5   Intermittent CJ 43 CJ 71 

8.0   Spray 43 Intermittent CJ 65 

8.5   Intermittent CJ 43 Intermittent CJ 65 

9.0   CJ 43 CJ 71 

9.5   FC 0 CJ 71 

10.0     FC 0 

 

Table 4.2 Data collection based on spray pattern and angle due nozzle passes the ionisation 

ring (Position B) 

IDIR (mm) 10.3 15.3 21.2 

Voltage (kV) Mode Angle (°) Mode Angle (°) Mode Angle (°) 

3.0 DM 0 DM 0 DM 0 

3.5 DM 0 DM 0 DM 0 

4.0 DM 0 DM 0 DM 0 

4.5 CJ 62 CJ 47 DM 0 

5.0 CJ 84 CJ 46 DM 0 

5.5 MT 80 MT 38 CJ 25 
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IDIR (mm) 10.3 15.3 21.2 

Voltage (kV) Mode Angle (°) Mode Angle (°) Mode Angle (°) 

6.0 Intermittent CJ 65 CJ 50 MT 27 

6.5 FC 0 CJ 54 MT 27 

7.0   CJ 54 Intermittent CJ 30 

7.5   CJ 54 CJ 31 

8.0   CJ 54 CJ 35 

8.5   CJ 54 CJ 35 

9.0   FC 0 CJ 35 

9.5     CJ 35 

10.0     CJ 35 

 

4.2.3 Position A and position B of Nozzle 

To further comprehend the features of the electrospray modes, Figure 4.3 and Figure 

4.4 depict the voltage versus angle of the Taylor cone for position A and position B, 

respectively. In Position A, as shown in Figure 4.3, the 10.3 mm IDIR has a strong 

connection with rising voltage and spray angle, which ranges from around 60° at 4.5 kV to 

about 80° at 9.5 kV. This constant trend means that greater voltages promote broader spray 

angles, which indicate more spread Taylor cone forms. The 15.3 mm IDIR has a steady spray 

angle, with modest changes of approximately 40° up to 10 kV, starting at around 38° at 4.5 

kV and to about 43° at 5.5 kV. For this IDIR, the relative stability of the spray angle indicates 

that voltage fluctuations have a less apparent influence on Taylor cone dispersion. The spray 

angle for the 21.2 mm IDIR initially climbs from about 42° at 4.5 kV to roughly 60° at 5.5 

kV, then gradually rises, stabilizing at around 65-70° between 6 kV and 10 kV. 

This pattern implies that voltage has a significant early influence on Taylor cone 

dispersion, which becomes more stable as voltage increases. The spray angle for the 21.2 

mm IDIR rapidly increases from roughly 42° at 4.5 kV to around 60° at 5.5 kV. Following 
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that, it steadily increases and stabilizes at 65-70° between 6 kV and 10 kV. This pattern 

indicates that voltage initially has a substantial influence on Taylor cone dispersion before 

stabilizing at higher levels. 

In contrast, the 10.3 mm IR in Position B, as shown in Figure 4.4, has a peak spray 

angle that increases substantially from about 65° at 4.5 kV to 85° at 5 kV, then declines to 

around 60° at 6.5 kV before stabilizing at 10 kV. Triangle symbols represent a slanted jet 

phenomena at 5 kV, as seen by the drop that follows this peak. This phenomenon indicates 

an imbalance in the electrostatic forces impacting the Taylor cone's stability. The spray angle 

of the 15.3 mm IR is consistent, commencing about 50° at 4.5 kV, then decreasing to around 

45° at 5.5 kV, and remaining around 50° until 10 kV. Taylor cone production is continuous 

owing to stability, which is less susceptible to voltage changes. 

The spray angle for the 21.2 mm IR gradually increases from about 35° at 4.5 kV to 

around 45° at 6 kV before stabilizing at 10 kV. Similar to Position A, this trend exhibits a 

constant Taylor cone growth as voltage increases. The data points with circles represent the 

intermittent spray behaviour that occurs at particular voltages for the 10.3 mm and 21.2 mm 

diameters of IDIR. The 10.3 mm IR exhibited MT behaviour at 5 kV and 5.5 kV. This 

suggests instability in Taylor cone formation at these voltages, most likely due to transitional 

spray regimes. 

Overall, the data indicate that the Taylor cone began to emerge at a voltage of 4 kV. 

Increasing the voltage helps to stabilize the Taylor cone. However, at a certain voltage point, 

FC occur and the Taylor cone is destroyed since the current is automatically turned off as a 

safety mechanism. The findings for both needle locations indicate that the Taylor cone will 

become constant after a certain voltage. And it is reasonable to say that the position A 

arrangement produces a more stable Taylor cone and has a larger voltage range than position 

B. 
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Figure 4.3 Analysis of Taylor cone patterns through the ionisation ring (Position A) 

 

 

Figure 4.4 Analysis of Taylor cone patterns through the ionisation ring (Position B) 
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4.3 Working Fluid Density on Taylor Cone Characteristics (Objective 2) 

This part examines the influence of working fluid density on Taylor cone 

characteristics the result is tabulated in Figure 4.5, Figure 4.6, Figure 4.7, Figure 4.8 and  

Figure 4.9, respectively for water, pure ethanol, mixture of ethanol and  n-heptane with three 

different ratio which are 10% of ethanol mix with 90% of n-heptane, 20% of ethanol mix 

with 80% of n-heptane and  30% of ethanol mix with 70% of n-heptane, using a constant 

flow rate of 0.10 mL/min and fixed emitter at position A. Water is used as the reference fluid 

due to its high density, high surface tension, and strong conductivity. Table 4.3 shows the 

density, thermal conductivity and surface tension of all the liquid tested under the 

electrospray setup (Tycova et al., 2021; Zhang et al., 2020; Zou et al., 2024). 
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Table 4.3 Density, Thermal Conductivity and Surface Tension 

Fluid Density (g/cm3) 

Thermal 

conductivity 

(W/m-K) 

Surface 

Tension 

(mN/m) 

Researcher 

Water  0.997 (≈1.00) 0.6065 71.99 (Pejman Sereshkeh et al., 2024; Pongrác et al., 2014; 

Wu et al., 2020) 

Ethanol 0.789 0.171 22.39 (Cao et al., 2022; Gan et al., 2018; Jiang et al., 2019) 

n-Heptane 0.68 ~0.14 ≈ 20.14 (Pielecha et al., 2021; Tycova et al., 2021; Yao et al., 

2014) 

Mixture  

(ethanol – n-heptane) 

10% ethanol + 90% n-

heptane 

20% ethanol + 80% n-

heptane 

30% ethanol + 70% n-

heptane 

Intermediate 

(assume based 

on the ratio) 

estimated 

between 

components 

likely 

intermediate 
(Zhang et al., 2020; Zou et al., 2024) 



 

73 

4.3.1 Influence of Voltage 

It suggests that, water required higher onset voltage to initiate the cone-jet mode 

compared to other liquids as can be seen in Figure 4.5 to Figure 4.9. It is observed that 

regardless the IDIR size, the voltage to generates Taylor cone in within the range of 4.0 kV 

to 10.0 kV for water, for ethanol the voltages is between 2.0 kV and 7.0 kV in Figure 4.6, 

while a mixture of ethanol and n-heptane begins to form a jet cone at voltages from 1.0 kV 

to 7.0 kV. Thus, from this observation, the results suggest that, the higher of percentage of 

ethanol in the mixture of ethanol with n-heptane will reduce the voltage required to generate 

the Taylor cone. 

 

4.3.2 Influence of IDIR 

The experimental results demonstrate that the inner diameter of the ionisation ring 

(IDIR) and the liquid properties strongly influence Taylor cone behaviour. In general, a 

smaller IDIR (10.3 mm) produces larger cone angles due to higher electric field 

concentration, but this condition is less stable. In contrast, a larger IDIR (21.2 mm) generates 

smaller cone angles with more consistent behaviour. 

For water that can be seen in Figure 4.5, cone angles were highest (up to 90°) with 

noticeable differences between IDIR values, reflecting the effect of its high surface tension 

and permittivity. Ethanol (Figure 4.6), with lower surface tension, produced smaller cone 

angles (20–50°) and showed minimal variation across IDIR, indicating reduced sensitivity 

to geometry. In the case of ethanol and n-heptane mixtures, stability improved with 

increasing ethanol concentration. At 10% ethanol, cone angles were high but plateaued after 

4 kV. At 20% ethanol, cone angles stabilised around 60–80° with smaller IDIR variations, 

while at 30% ethanol, the cone behaviour was the most consistent across all IDIRs (Figure 

4.7 to Figure 4.9). 



 

74 

Overall, the most stable condition was observed with 20–30% ethanol–n-heptane 

mixtures using 15.3 mm IDIR, where cone angles remained moderate and steady with 

increasing voltage. This confirms that both the geometry of the ionisation ring and the fluid’s 

physicochemical properties jointly determine the stability and shape of the Taylor cone. 

 

4.3.3 Taylor Cone Shape Character 

The experimental findings reveal that both liquid properties and the ionisation ring 

inner diameter (IDIR) exert a significant influence on Taylor cone formation. Water, owing 

to its high surface tension and permittivity, produces the largest cone angles (up to ~90°), 

yet its response is unstable across different IDIR values. Ethanol, in contrast, forms smaller 

cone angles (20–50°) with minimal variation between IDIRs, reflecting its lower surface 

tension and reduced sensitivity to field geometry. Ethanol–n-heptane mixtures demonstrate 

a more progressive stabilisation, where 10% ethanol yields wide but fluctuating cones, while 

20–30% ethanol produces moderate and steady cone angles (60–80°), indicating improved 

balance between polarity and surface tension. 

A consistent trend is observed across all liquids: the cone angle decreases as IDIR 

increases. A smaller IDIR (10.3 mm) intensifies the electric field at the emitter tip, producing 

wider cone angles but also greater instability, especially at higher voltages. Conversely, a 

larger IDIR (21.2 mm) spreads the electric field, resulting in smaller but more stable cone 

angles. Water requires a stronger and more concentrated electric field to overcome its density 

and surface tension, leading to pronounced cone angles at smaller IDIRs but instability at 

elevated voltages. Larger IDIRs reduce field intensity, producing narrower yet steadier 

cones. 

Taken together, the comparative findings establish a clear and fundamental 

relationship between working fluid density and Taylor cone behaviour. 
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• High-density fluids (water): Require higher voltages and shorter IDIRs to form 

cones, producing sharper but less stable angles. 

• Low-density fluids (ethanol): Form cones at lower voltages, with wider and smoother 

angle transitions, demonstrating greater responsiveness to the applied electric field. 

• Intermediate-density fluids (ethanol and n-heptane mixtures): Exhibit balanced 

performance, combining reasonable cone sharpness with enhanced stability across 

varying IDIRs. 

 

The most stable condition is achieved with 20–30% ethanol–n-heptane mixtures at 

15.3 mm IDIR, which consistently maintains moderate cone angles under increasing voltage. 

This demonstrates that both the fluid’s physicochemical properties and the geometrical 

configuration of the ionisation ring are crucial in determining Taylor cone stability and 

effectiveness. Overall, the results confirm that both ionisation ring geometry and working 

fluid density are fundamental parameters governing Taylor cone characteristics. Larger IR 

diameters promote earlier cone-jet formation, while higher density fluids favour wider and 

more stable cone angles. Once the system enters the stable cone-jet regime, the cone angle 

becomes largely independent of further voltage increases, reflecting the balance between 

electrostatic and capillary forces. The results confirm that as fluid density decreases, Taylor 

cones become easier to initiate, more responsive to applied voltage, and generally more 

stable across different ionization ring positions. 
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Figure 4.5 Analysis of Taylor cone patterns through the voltage (Position A - Water) 

 

 

Figure 4.6 Analysis of Taylor cone patterns through the voltage (Position A - Ethanol) 
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Figure 4.7 Analysis of Taylor cone patterns through the ionisation ring in position with 

mixture liquid (Ethanol 10%: n-Heptane 90%) 

 

 

Figure 4.8 Analysis of Taylor cone patterns through the ionisation ring in position with 

mixture liquid (Ethanol 20%: n-Heptane 80%) 
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Figure 4.9 Analysis of Taylor cone patterns through the ionisation ring in position with 

mixture liquid (Ethanol 30%: n-Heptane 70%) 
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cone of 70° at the same voltage range. At 30%:70%, stability was observed at 3.5 kV with a 

cone angle of 72°. These results suggest that fluids with moderate to low density can maintain 

wider and more stable jets at reduced operating voltages, improving electrospray precision 

and control. Experiments were also conducted for IDIR values of 15.3 mm and 21.2 mm, with 

corresponding results provided in  

Appendix E. 
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Table 4.4 Taylor cone formation, voltage range, stable cone angles, and jet stability for various fluids at IDIR = 10.3 mm. 

Fluid type Water Ethanol 
Mixture Fluid (Ethanol and n-heptane) 

10%:90% 20%:80% 30%:70% 

Taylor Cone formation 

     

Voltage (kV) 4.5 – 5.0 kV 4.5 – 5.0 kV 3.0 – 3.5 kV 3.0 – 3.5 kV 3.5 - 4.0 kV 

Stable Cone Angle (°) 64° - 68° 64° - 77° 75° - 85° 70° 62° - 72° 
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CHAPTER 5 

 

5 CONCLUSION AND RECOMMENDATIONS FOR FUTURE RESEARCH 

 

5.1 Conclusion 

The electrospray technology, especially in the spray pattern and air-fuel mixture, is 

investigated in this work. This work aimed to elucidate the effects of liquid density and 

electrospray parameters on Taylor cone characteristics. In the present study, the 

characteristics of the Taylor cone were observed based on the changes in the electrospray 

parameters, namely the voltage, distance of the ionisation ring (IR), inner diameter of the 

ionisation ring (IDIR), and density of the working fluid. The work examined cone-jet 

formation and how liquid density affected Taylor cone characteristics. An imaging technique 

and observations analysis were employed to assess the influence of electrospray settings on 

Taylor cone characteristics. 

Based on the first objective, in an electrospray system, the position and size of the 

inner diameter of the ionisation ring (IR) and the voltage applied significantly influence the 

stability of the Taylor cone. The inner diameter of the ionisation ring (IDIR) is crucial for 

generating an electric field around the needle tip; the smaller the diameter of the IDIR, the 

greater the strength of the electric field, making it easier to construct a stable and finer Taylor 

cone. However, a larger diameter of the IDIR may result in a weaker formation but limits 

the creation of flying current. The voltage supplied directly affects the electrospray mode, 

with ideal limits being between 4.5 and 7.5 kV for water and 3.0 and 4.5 kV for ethanol. 

Voltages below these limits often result in jet behaviour due to dripping or pulsing, while 

voltages above these thresholds cause jet breakup due to repulsive forces among charged 

particles. 
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For the second objective, liquid density also plays a significant role in determining 

the behaviour of the Taylor cone. Liquids with lower density, such as ethanol and n-heptane, 

are more sensitive to electrostatic forces, requiring lower voltages to create and maintain a 

stable Taylor cone and producing wider spray angles at lower voltages, especially with 

smaller IDIRs. However, higher amounts of ethanol led to early instability and spray 

breakdown at higher voltages, showing a trade-off between quick atomisation and lasting jet 

stability.  

According to the findings of the research, ionisation ring widths that were bigger 

contributed to the maintaining of electrospray stability at high voltages, while diameters that 

were smaller led to rapid spray dispersion. The spray angle was broadened, and the density 

of the solution was decreased when the applied voltage was increased. Because it has a lower 

density than other substances, ethanol exhibited the steadiest electrospray performance. A 

further finding of the research was that it is necessary to determine the optimal voltage range, 

which is between 4.5 and 6.0 kV. 

 

5.2 Recommendation of Future Works 

Based on this study's findings about how density and ionisation ring (IR) factors 

influence Taylor cone features using the electrospray method, several suggestions for future 

research are made to better understand electrospray behaviour and expand its possible uses. 

Firstly, future studies should explore a wider variety of fuel compositions, 

particularly focusing on biofuels, fuel blends, and industrial solvents. While the current study 

used ethanol, n-heptane, and water to show different fluid densities and electrical properties, 

adding fuels with more complicated structures, like biodiesel, butanol, or mixed fuels, would 

help researchers see how thicker liquids and different behaviours affect the formation and 

stability of the cone-jet. This expansion is crucial for translating electrospray technology into 
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real-world energy systems and combustion applications, where fuel variability is a common 

challenge. 

Secondly, more systematic investigations into the design and optimisation of the 

ionisation ring (IR) are recommended. This study primarily focused on varying the IR size, 

position, and applied voltage; however, future works should consider the geometric profile 

and material properties of the ring, as well as the integration of multi-electrode 

configurations. Such improvements could allow for better control of the electric field, which 

would help stabilise the Taylor cone, make droplet sizes more consistent, and increase the 

overall efficiency of atomisation. Additionally, researchers could explore the development 

of adaptive IR systems that self-tune the field strength in response to dynamic flow 

conditions. 

Thirdly, a comprehensive parametric study on the interplay between liquid density 

and IR characteristics is necessary. While some early patterns have been noticed, a deeper 

understanding of how changing the liquid density affects the threshold voltage, cone angle, 

and jet breakup mode can help create models that predict how well the electrospray will 

work. These models will be particularly valuable in optimising the electrospray process for 

different operating regimes and environmental conditions. 

Lastly, the incorporation of advanced diagnostic and computational tools should be 

prioritised in future investigations. Techniques that use lasers, like shadowgraphy, schlieren 

imaging, and laser-induced fluorescence (LIF), can be used to take clear pictures of the 

Taylor cone and how droplets spread out. At the same time, using computational fluid 

dynamics (CFD) simulations along with electrohydrodynamic modelling can provide a 

clearer understanding of how fluids behave inside and how they interact with electric fields, 

which will enhance the results from the experiments. Combining these methods will help 

create a strong theoretical understanding of electrospray processes, which will aid in the 
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design of advanced atomisation systems for use in combustion, medical delivery, and 

making nanomaterials. 

 

5.3 Summary 

The electrospray was found to be stable at high voltages when the ionisation ring 

widths were larger, whereas the spray spread out rapidly when the widths were smaller, 

according to this research. The density of the solution decreased as the applied voltage was 

increased, and the discharge angle was widened. Ethanol demonstrated the most consistent 

electrospray performance due to its lower density than other substances. Another important 

finding of the investigation was the need to identify the optimal voltage range, which lies 

between 4.5 and 6.0 kV. Conversely, the results were limited to controlled laboratory 

conditions and only examined specific fuel combinations. Additional research is necessary 

to evaluate a broader range of hydrocarbon and biofuel compositions, as well as to improve 

the design of electrospray nozzles and charge distribution methods. The research contributes 

to a more comprehensive understanding of the objective of electrospray technology in the 

improvement of energy efficiency and pollution reduction techniques. 
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APPENDICES 

 

Appendix A  

Datasheet High Voltage 7000 Series 
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Appendix B  

Datasheet NE-1000 Syringe Pump 
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Appendix C  

Manual Digital Microscope 
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Appendix D  

Table of Specification for Equipment 

 

I. Specification of High Voltage Power Supply 

Input voltage 90~264VAC universal AC input 

Fuses 2.5A F (x2) 

Efficiency >70% 

Output voltage 0-10kV DC with respect to ground 

Polarity Positive (71030P) or Negative (71030N) 

Rated output current 3.0mA 

Rated output power 30W 

Ripple <0.01% peak to peak at full load 

Voltage regulation <0.01% over specified load range 

Temperature coefficient <100ppm/℃ 

Protection Overload and short-circuit faults will cause the unit 

to operate in Constant Current mode (Max. Current 

<= 6mA) 

Arcing faults will cause the unit to shut down and 

re-start until the fault is cleared. 

Voltage adjustment Output voltage can be adjusted by the 10-turns 

potentiometer on the front panel. 

Voltage monitor A 31/2  digit meter on the front panel. 

The display resolution is 100 volts. 

Connections -The input connection to the unit is by means of an 

IEC fused inlet. 

-The output connection is by means of a Genvolt 

proprietary connector: mating half and suitable 

high voltage cable are supplied. 

Working temperature 0 - 40℃ 

Storage temperature -20℃ - +60℃ 

Humidity <90% 

Weight 2.8 kg 
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II. Technical Specifications of Syringe pump 

Model NE-1000 Multi-Phaser™ Syringe Pump 

Control System Microcontroller-based stepper motor drive 

Syringe Compatibility : Supports syringe sizes up to 60 mL 

Flow Rate Range Minimum: 0.73 µL/hr (with a 1 mL syringe) 

Maximum: 2120 mL/hr (with a 60 mL syringe) 

Operation Modes Infusion and withdrawal modes with programmable 

dispense volumes 

Precision Control Adjustable pumping rate with non-volatile memory for 

parameter storage 

Power Requirements 12V DC @ 800mA regulated power supply 

RS-232 Communication Supports bi-directional control from a computer, allowing 

integration into automated systems 

 

III. Specification of Nozzle Spray 

Air hose 4φ × 6φ (mm) 

Liquid hose 4φ × 6φ (mm) 

Standard nozzle set 20G x 15G x 80L 

OD 0.88 OD 1.81 

ID 0.58 ID 1.45 

Discharge volume Intermittent 0.001c.c./shot～ 

Continuous 0～2,400c.c./min 

Air consumption 24Nl/min (0.3MPa) 

Air pressure for piston operating 0.4～0.7MPa 

Material Nozzle/SUS304, Body/BSBM (chromium plating) 

 

The nozzle under consideration is a precision dispensing part that can be used in a 

wide range of industrial and laboratory settings. It can release liquids in short bursts or all at 

once. It has two hose connections, each with an outer diameter (OD) of 6 mm and an inner 



 

129 

diameter (ID) of 4 mm. This design makes sure that the flow is well controlled and that it 

works with standard tubing systems. There are two hoses which the air hose and the liquid 

hose. The standard nozzle set has a stainless-steel nozzle shape that is 20G × 15G × 80L. 

The 20G needles have an outer diameter of 0.88 mm and an inner diameter of 0.58 mm. The 

15G needles have an outer diameter of 1.81 mm and an inner diameter of 1.45 mm. This 

setup lets you distribute fluids with low viscosity with great accuracy. 

The system can work with both continuous and intermittent dispensing modes. The 

minimum amount of fluid that can be discharged at once is 0.001 c.c., and the maximum 

amount that can flow continuously is 0 to 2,400 c.c. per minute. Furthermore, it can be 

changed, it can be used for both high-volume fluid delivery and micro-dosing. At a working 

pressure of 0.3 MPa, the air consumption rate is 24 normal litres per minute (Nl/min). This 

means that pneumatic tools work well. The system needs between 0.4 and 0.7 MPa of air 

pressure for the pistons to work, which makes sure that the control is always responsive and 

consistent. 

The body is made of brass (BSBM) and has a layer of chromium on top of it. This 

makes it more durable and resistant to chemicals and wear and tear. SUS304 stainless steel 

is used to make the nozzle because it is strong and doesn't rust. These features make the 

nozzle great for distributing fluids with high accuracy and long-lasting in tough working 

conditions. 
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Appendix E  

Taylor cone formation for IDIR 15.3mm and 21.2mm 

 

I. IDIR = 15.3 mm 

Fluid 

type 

Water Ethanol 

Mixture Fluid (Ethanol and n-heptane) 

10%:90% 20%:80% 30%:70% 

Taylor 

Cone 

formation 

     

Voltage 

(kV) 

4.5–6.0 kV 4.5–5.5 kV 3.5–4.5 kV 2.5–3.5 kV 3.5–4.5 kV 

Stable 

Cone 

Angle (°) 

37° - 42° 38° - 37° 66° - 75° 58° - 68° 42° - 53° 

 

 

 

 

 

 

 

 

 



 

131 

II. IDIR = 21.2mm 

Fluid type Water Ethanol 

Mixture Fluid (Ethanol and n-heptane) 

10%:90% 20%:80% 30%:70% 

Taylor Cone 

formation 

     

Voltage (kV) 

4.5–7.5kV 

4.5–5.5 

kV 

3.5–4.5 kV 2.5–3.0 kV 3.5–4.5 kV 

Stable Cone 

Angle (°) 

38° - 71° 38° - 61° 58° - 75° 42° - 58° 38° - 48° 

 

 




